An investigation of multiple orifice wall jets by Smith, Virgil Kirkland
AN INVESTIGATION OF MULTIPLE 
ORIFICE WALL JETS 
A THESIS 
Presented to 
The Faculty of the Division of Graduate Studies 
by 
Virgil Kirkland Smith, III 
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
in the School of Aerospace Engineering 
Georgia Institute of Technology 
January, 1977 
AN INVESTIGATION OF MULTIPLE 
ORIFICE WALL JETS 
Approved: _ 
H. M. McMahon 
Date approved by Chairman: * " M / / 7 7 
11 
ACKNOWLEDGMENTS 
I would like to sincerely thank Professor James E. Hubbartt for 
his suggestion of the thesis topic and for his guidance and encourage-
ment throughout the course of this investigation. I value very highly 
the knowledge and insights that he has shared with me. 
I am indebted to Dr. Howard M. McMahon and Dr. Don P. Giddens for 
their critique of the original manuscript and their helpful suggestions. 
The efforts of Dr. Louis H. Bangert and Dr. Gene T. Colwell in their 
reading and commenting on the original draft are also appreciated. 
The fabrication of the test models and the instrumentation of 
the test rig would not have been possible without the help of many 
people. I am particularly indebted to Mr. Dewey Ransom and Mr. Harold 
Meyers for their skillful machining of the test models. I also grate-
fully acknowledge the assistance of Mr. John G. Palfery in preparing 
the instrumentation and in applying the computer-based data acquisition 
system. I also express my thanks to Dr. John C. Handley, Mr. George 
Bird, Mr. John Caudell, Mr. Bob Daniels, Dr. Douglas H. Neale, and 
Mr. Darmanshu Antani for their help in various phases of the research. 
The assistance of Dr. Robert L. Young of the University of Ten-
nessee Space Institute, and his encouragement of this effort are grate-
fully acknowledged. 
To my parents, who provided encouragement throughout my education, 
goes my gratitude. Finally, I thank my wife, Patricia, and our children, 
Ill 
Kirk and Alexis, for their love, patience and sacrifice during the many 
years we have been in school. 
iv 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS ii 
LIST OF TABLES vii 
LIST OF ILLUSTRATIONS viii 
LIST OF SYMBOLS xiii 
SUMMARY xv 
Chapter 
I. INTRODUCTION AND LITERATURE REVIEW 1 
Introduction 1 
Literature Review 3 
Multiple Circular Orifice Free Jet 
Single Circular Orifice Wall Jet 
Multiple Circular Orifice Wall Jet 
Purpose of the Present Investigation 9 
II. EQUIPMENT AND INSTRUMENTATION 10 
General Facility Description 10 
Experimental Configurations 14 
Data Acquisition Components 23 
III. EXPERIMENTAL PROCEDURE 34 
Evaluation of Equipment 34 
Temperature Measurement Instrumentation 
Pressure Measurement Instrumentation 
Bourdon-tube Barometer 
Pressure Acquisition System 
Probes 
Probe Traverse 
Test Bed Grid 
Flow Measurement Procedures 42 
Mainstream Flow 
TABLE OF CONTENTS (Continued) 
Chapter Page 
Jet Flow 
Jet Plenum Conditions 
Jet Profiles 
Data Acquisition and Reduction 45 
Setting and Stabilization of Flow Conditions 
Locating Probes 




IV. RESULTS AND DISCUSSION 51 









Wall Jet Growth 
Wall Jet Velocity Decay 
Wall Jet Velocity Profile Similarity 
Wall Jet Iso-velocity Profiles 
Wall Jet Integrated Velocity Profiles 
Wall Jet Skin Friction 
Friction Coefficient 
Law of the Wall 
V. CONCLUSIONS 188 
VI. RECOMMENDATIONS 191 
Appendices 
A. PHASE 1 EXPERIMENTAL DATA 193 
B. PHASE 2 EXPERIMENTAL DATA 205 
C. PHASE 3 EXPERIMENTAL DATA 249 
D. DERIVATION OF INTEGRATED MEAN THICKNESSES 293 
vi 





LIST OF TABLES 
Table Page 
1. Phase 1 Data Index 105 
2. Phase 2 Data Index 106 
3. Phase 3 Data Index 107 
4. Wall Jet Characteristic Thicknesses, Phase 3 173 
Vlll 
LIST OF ILLUSTRATIONS 
Figure Page 
1. Wall Jet Test Facility Floor Plan 11 
2. Experimental Test Bed 13 
3. Two-dimensional Jet Nozzle Assembly 16 
4. Multiple Orifice Wall Jet, Basic Configuration 18 
5. Multiple Orifice Jet Nozzle Block, Basic 
Configuration 19 
6. Multiple Orifice Wall Jet, Integrated Configuration . . . . 20 
7. Multiple Orifice Jet Nozzle Block, Integrated 
Configuration 21 
8. Multiple Orifice Jet Nozzle Assembly 22 
9. Total Pressure Probe Geometry 24 
10. Static Pressure Probe Geometry 25 
11. Thermocouple Probe Geometry 26 
12. Preston Probe Geometry 27 
13. Probe Actuator Assembly 28 
14. Typical Pressure Sensing Sequence . . . . . 31 
15. Data Acquisition System 32 
16. Probe Pitch and Yaw Sensitivity 39 
17. Typical Combined Influence of Yaw Angle 40 
18. Wall Jet Velocity Profile Nomenclature 108 
19. Phase 1 Composite Wall Jet Development for the 
Basic Multiple Orifice Configuration 109 
20. Phase 2 Composite Wall Jet Development for the 
Integrated Multiple Orifice Configuration 110 
LIST OF ILLUSTRATIONS (Continued) 
Figure Page 
21. Phase 3 Composite Wall Jet Development for the 
Integrated Multiple Orifice Configuration Ill 
22. Jet Vertical Velocity Profile at the Exit 112 
23. Jet Horizontal Velocity Profile at the Exit 113 
24a. Phase 1 Downstream Flow Evaluation 114 
24b. Phase 1 Downstream Flow Evaluation 115 
24c. Phase 1 Downstream Flow Evaluation 116 
25. Phase 2 Downstream Flow Evaluation 117 
26. Phase 3 Mainstream Dynamic Pressure Survey 118 
27. Phase 3 Mainstream Boundary Layer Evaluation 119 
28. Phase 3 Mainstream Boundary Layer Momentum 
Thicknesses 120 
29. Phase 3 Downstream Flow Evaluation 121 
30. Phase 3 Downstream Momentum Thicknesses 122 
31. Phase 3 Downstream Integrated Momentum 
Thicknesses 123 
32. Phase 1 Wall Jet Growth 124 
33. Phases 1 and 2 Wall Jet Growth 125 
34. Phase 2 Wall Jet Growth 126 
35. Phases 2 and 3 Wall Jet Growth 127 
36. Phase 1 Wall Jet Velocity Decay 128 
37. Phases 1 and 2 Wall Jet Velocity Decay 129 
38. Phase 2 Wall Jet Velocity Decay 130 
39. Phase 2 Wall Jet Velocity Decay 131 
40. Phases 2 and 3 Wall Jet Velocity Decay 132 
X 
LIST OF ILLUSTRATIONS (Continued) 
Figure Page 
41. Phase 3 Wall Jet Velocity Decay 133 
42. Comparisons of Wall Jet and Free Jet Velocity 
Decay 134 
43. Phase 2 Wall Jet Velocity Decay 135 
44. Profile Similarity Parameter 136 
45. Phase 1 Wall Jet Velocity Profile 137 
46. Phase 2 Wall Jet Velocity Profile 138 
47. Phase 2 Wall Jet Velocity Profile 139 
48. Phase 2 Wall Jet Velocity Profile 140 
49. Phase 2 Wall Jet Velocity Profile 141 
50. Phase 2 Wall Jet Velocity Profile 142 
51. Phase 2 Wall Jet Velocity Profile 143 
52. Phase 2 Wall Jet Velocity Profile 144 
53. Phase 2 Wall Jet Velocity Profile 145 
54. Phase 2 Wall Jet Velocity Profile 146 
55. Wall Jet Velocity Profile: Definition of A_ and A 147 
56. Phase 2 Wall Jet Velocity Profile 148 
57. Phase 2 Wall Jet Velocity Profile 149 
58. Phase 2 Wall Jet Velocity Profile 150 
59. Profile Similarity Parameter 151 
60. Phase 3 Wall Jet Velocity Profile 152 
61. Phase 3 Wall Jet Velocity Profile 153 
62. Phase 3 Wall Jet Velocity Profile 154 
63. Phase 3 Wall Jet Velocity Profile 155 
LIST OF ILLUSTRATIONS (Continued) 
Figure Page 
64. Phase 3 Wall Jet Velocity Profile 156 
65. Phase 3 Wall Jet Velocity Profile 157 
66. Phase 3 Wall Jet Velocity Profile 158 
67. Phase 3 Wall Jet Velocity Profile 159 
68. Phase 3 Wall Jet Velocity Profile 160 
69. Phase 3 Wall Jet Velocity Profile 161 
70. Phase 3 Wall Jet Velocity Profile 162 
71. Phase 2 Iso-velocity Profiles 163 
72. Phase 2 Iso-velocity Profiles 164 
73. Phase 2 Half-velocity Growth 165 
74. Phase 3 Iso-velocity Profiles 166 
75. Phase 3 Iso-velocity Profiles 167 
76. Wall Jet Displacement Thickness Distribution 168 
77. Wall Jet Momentum Thickness Distribution 169 
78. Wall Jet Energy Thickness Distribution 170 
79. Wall Jet Shape Factor Distribution 171 
80. Wall Jet Characteristic Thicknesses 172 
81. Wall Jet Displacement Thickness 174 
82. Wall Jet Momentum Thickness 175 
83. Wall Jet Energy Thickness 176 
84. Wall Jet Displacement Thickness 177 
85. Wall Jet Momentum Thickness 178 
86. Wall Jet Momentum Thickness 179 
Xll 
LIST OF ILLUSTRATIONS (Continued) 
Figure Page 
87. Wall Jet Skin Friction 180 
88. Wall Jet Skin Friction 181 
89. Wall Jet Skin Friction 182 
90. Law of the Wall 183 
91. Law of the Wall 184 
92. Wall Sublayer Velocity Profile 185 
93. Law of the Wall 186 
94. Law of the Wall 187 
LIST OF SYMBOLS 
C friction coefficient (C = T /q) 
d jet orifice diameter; 0.444 inch 
h plane jet slot height 
i . . , / f l ow a r ea \ n nr.,-, . 
h equiva len t l e t s l o t he ight ( - : 0.0567 inch 
eq J b \jet span / 
m mass flow rate 
P total pressure, gage 
p static pressure, gage 
q dynamic pressure 
r iet radius 
f u. h 
Re 
s 
R e a 
Reynolds number based on slot height (Re = —^ -*-1 
/ u 1 \ 
Reynolds number based on jet diameter ( Re = —J ) 
s distance between adjacent jets; 2.727 inches 
T temperature 
u velocity 
u. jet velocity based on ideal expansion to ambient 
u .. maximum velocity at z = 1.363 inches 
mid 
u friction velocity 
T 
x cartesian coordinate (streamwise) 
Y,y cartesian coordinate (normal to wall) 
Z,z cartesian coordinate (lateral) 
6 velocity profile thickness parameter 
6. jet layer length scale (Figure 44, Chapter IV) 
XIV 
LIST OF SYMBOLS (Continued) 
A. lateral length scale (Figure 55, Chapter IV) 
A„ lateral length scale (Figure 55, Chapter IV) 
A difference 
5 displacement thickness 
9 momentum thickness 
6 energy thickness 
v kinematic viscosity 
p gas density 
T local skin friction 
w 
TT Coles' [36] profile matching parameter 
X Coles' [36] streamwise decay of shear stress parameter 
Subscripts 
a ambient 
0 jet exit plane and mainstream reference plane 
1 jet peak (Figure 18, Chapter IV) 
2 half velocity, jet layer (Figure 18, Chapter IV) 
c revised centerline 
e edge 
i indicated 
I.M. integrated mean 
I.P. integrated profile 





An experimental study of various three-dimensional wall jet flows 
was conducted in the Georgia Tech wall jet facility. This investigation 
was made to obtain data needed on wall jets issuing from multiple circu-
lar orifices discharging parallel to the surface. This three-dimensional 
(3-D) configuration is attractive from both jet persistence and struc-
tural considerations. Synthesis and analysis of these three-dimensional 
data have been conducted in order to compare the behavior of this con-
figuration with the single circular orifice and two-dimensional wall jet 
results of others and to determine the potential of these techniques for 
boundary layer control (BLC) applications. 
The major areas of investigation were: 
1. A geometrically-simple circular orifice wall jet configura-
tion discharging into still air, 
2. A circular orifice wall jet incorporating integrational re-
finements discharging into still air. 
3. The "integrated" wall jet configuration under a constant-
pressure mainstream flow. 
The investigation proceeded systematically from a basic three-dimensional 
wall jet flow to more complex flows. The studies of the basic and inte-
grated wall jet configurations without mainstream flow established the 
characteristics of these wall jet flows. The investigation of the inte-
grated wall jet configuration with a mainstream flow provided important 
XVI 
additional data for understanding and using such a configuration in BLC 
applications. 
Detailed velocity profile and skin friction measurements were 
made. The studies were carried out at two markedly different Reynolds 
numbers. For the investigation with mainstream flow, a jet-to-mainstream 
velocity ratio was chosen to provide data in a practical range of wall 
jet applications. In each of the studies, measurements were made at 
several streamwise distances from the point of jet injection. Measure-
ments were also made at numerous lateral stations, providing detailed 
definition of the three-dimensional flow development and interaction. 
The growth of the characteristic dimensions of the jet and the 
decay of the jet velocity are presented for all wall jet studies. In 
addition, vertical and lateral velocity profile similarity are described. 
The multiple jet surveys are synthesized and analyzed in order to quan-
tify the flow development. Skin friction laws are demonstrated, and 
r'law of the wall" descriptions are evaluated for the three-dimensional 
wall jet. Finally, the velocity profile and skin friction measurements 
are presented in tabular form for those desiring more detail on these 
wall jet flows. 
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
Introduction 
Advanced boundary layer control (BLC) technology offers the means 
for providing attached flow behavior under aerodynamic conditions which 
could otherwise cause flow separation. This technology is required 
since aerodynamic loading on lifting or thrusting surfaces is limited 
by boundary layer separation; large increases in the aerodynamic loading 
may be obtained by artificially precluding that separation. Specifi-
cally, by either removing or energizing the low velocity boundary layer 
flow, large adverse pressure gradients are attainable without boundary 
layer separation. This technology is especially important for STOL air-
craft concepts [l] which require high wing loading [2] at low forward 
speeds in order to reduce the takeoff, approach and landing distances. 
The use of efficient BLC concepts also offers performance gains for 
diffusers, as utilized both in thrust augmenting ejectors and aircraft 
inlets. High performance of thrust augmenting ejectors, an attractive 
V/STOL propulsion concept [3,4,5], is characterized by large diffuser 
area ratios with high rates of diffusion [6,7]. However, this perform-
ance is limited by flow separation. Suppression of the separation re-
sults in more efficient diffusion and increased diffuser expansion 
rates [8]. Boundary layer control can also be applied to the diffusers 
of aircraft engine inlets in order to preclude boundary layer separation 
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and the resulting losses in total pressure recovery and airflow delivery 
uniformity [9]. These same BLC techniques can also be used to reduce 
the flow separation losses in the stator passages of rotating turbo-
machinery [lO]. The importance of BLC has been recognized since the 
advent of boundary layer theory, and it is widely used in critical flows, 
such as in supersonic inlets. However, more efficient and lightweight 
BLC designs are essential for many advanced technology applications. 
Most previous investigations of BLC methods have concentrated on 
boundary layer removal by distributed suction and boundary layer energi-
zation by blowing. BLC using distributed suction is considered to have 
limited applicability. Both the structural difficulties [ll] and its 
sensitivity to the potential flow conditions [12] have been prohibitive 
for aircraft applications. 
Boundary layer control by blowing is considered the most promising 
approach for STOL and aircraft diffuser applications because of the high 
energy air sources available with each of these devices. In addition, 
with blowing, the resulting wall jet mixes with the mainstream flow pro-
viding potential for a momentum augmentation, rather than the momentum 
loss incurred with suction BLC. 
Numerous fundamental investigations of wall jets generated by 
blowing from a slot have been reported in the literature [13,14,15,16]. 
In addition, several investigators have addressed the application of a 
continuous slot BLC system to wide angle diffusers [8,17]. However, it 
is structurally preferable to emit the BLC jet from a series of discrete 
nozzles, rather than from a continuous, uniform slot. Additionally, 
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both the initial rate of decay of the wall jet velocity and the surface 
shear losses are expected to be lower for the discrete nozzles than for 
the continuous slot since the ratio of the jet surface to flow area is 
smaller. This enhances boundary layer control in the downstream region. 
The merits of multiple orifice wall jets are relatively unex-
plored. Data regarding their growth, decay and behavior after merger 
are ill-defined, and the modification of these characteristics by the 
presence of a freestream flow are unknown. The investigation described 
herein is concerned with providing this information. 
This research has consisted of a systematic investigation of two 
multiple circular orifice wall jet configurations. The first configu-
ration, which is designated the "basic" design, provides a performance 
baseline against which can be compared a configuration which is more 
suitable for practical application. The latter configuration is termed 
the "integrated" design. The specific features of the investigation are 
detailed in Chapter IV. 
Literature Review 
Relatively few investigations of single-orifice three-dimensional 
wall jets and only one investigation of multiple orifice wall jets have 
been reported in the literature. In addition, one investigation of a 
multiple orifice free jet has been reported. The results of these 
studies, which are of particular importance for the present investiga-
tion, are summarized in the following paragraphs. 
Multiple Circular Orifice Free Jet 
In 1964, R. Knystautas [18] reported the results of an experi-
mental and theoretical investigation of flow from a series of closely 
spaced, uniform, circular free jets in line, discharging into still air. 
The investigator predicted that these jets merged and yielded two-
dimensional turbulent jet flow at some downstream station. The theore-
tical analysis utilized Reichardt's hypothesis for turbulent shear 
stress in a free jet to linearize the equation of motion for the mean 
velocity. This enabled superposition of the mean velocity for multiple 
interfering jets, and the prediction of both the start of the two-
dimensional flow and the location of the hypothetical origin. The ex-
perimental investigation, which included three different circular ori-
fice nozzle spacings, showed that the jets indeed merged into an effec-
tively two-dimensional jet at approximately twelve hole spacings down-
stream of the exit. The theoretical predictions agree reasonably well 
with the experiments. Of particular interest from a BLC viewpoint was 
the result that, at any particular position, the downstream velocity is 
higher for the ultimate two-dimensional jet produced with a series of 
nozzles than for a continuous slot. For a given jet momentum per unit 
width, the ultimate velocity increases with the hole spacing. The im-
plication for BLC is that if the three-dimensional wall jet also becomes 
effectively two-dimensional downstream, analogous results regarding 
downstream velocity would offer an improvement in jet persistence over 
comparable two-dimensional wall jet results. In the case of the wall 
jet, these improvements might be mitigated by surface friction losses 
and changes in the lateral spreading due to the confinement of the wall. 
5 
Single Circular Orifice Wall Jet 
In 1968, S. K. A. Naib [19] reported an experimental investiga-
tion of a circular air jet exhausted parallel to a wall into quiet air. 
Experiments were carried out to establish the shape of the velocity pro-
files, the decay of maximum velocity, and the rate of growth of the jet 
over a range of 0 to 50 nozzle diameters downstream. From examination 
of the maximum velocity decay, Naib described four distinct regions of 
flow: (i) region A of potential core extending about two nozzle diam-
eters from the orifice; (ii) region B of transition flow that extends 
up to eight diameters; (iii) region C of established flow which extends 
to about thirty diameters and in which the velocity varies linearly with 
distance; and (iv) region D of terminal flow in which the residual ve-
locity decays more rapidly as a result of large scale turbulence, and 
in which the velocity again varies linearly with distance. Naib also 
reported that in regions C and D there was flow similarity of the non-
dimensionalized velocity profiles for the outer half of the jet (taken 
normal to the plate). By contrast, the non-dimensionalized lateral ve-
locity profiles along the horizontal centerline showed some variation 
with distance, especially at the outer edges of the jet. The normal 
velocity profiles for the inner half of the jet were shown to vary ap-
preciably from the Blasius \/l power law. This variation from the 
power law is also typical of the wall layers for two-dimensional wall 
jets. Naib also showed that the jet boundaries increase linearly and 
confirm the different regions of flow indicated by the decay of maximum 
velocity. Of particular significance to decay and entrainment consider-
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ations is the fact that the rate of spreading parallel to the wall is 
about six to eight times greater than that normal to it. Due to the 
broadening effect of the wall on the jet, the increased surface area of 
the jet becomes available for mixing, which results in greater expansion 
of the lateral boundaries and slightly faster reduction of velocities 
than in the case of the free jet. The accuracy of Naib's data presenta-
tion is not sufficient to reveal any sensitivity to jet Reynolds number. 
In 1971, J. F. Foss and S. J. Kleis [20] reported a theoretical 
and experimental study of the single round jet/plane wall flow field. 
This investigation, which was motivated by externally blown flap STOL 
aircraft considerations, focused on the near field (i.e., within five 
nozzle diameters) of the jet, for impingement angles between the axisym-
metric jet axis and the plane wall of 0 to 15 degrees. Nozzle heights 
of 0.75, 1.0, 1.5 and 2.0 jet diameters above the wall and two exit flow 
conditions (fully developed pipe flow and a relatively uniform exit 
velocity condition) were examined. The authors used the conservation 
laws and the Reichardt hypothesis to describe the axisymmetric portion 
of the jet prior to interaction with the wall; good agreement was shown 
for the short jet development range considered. The velocity measure-
ments before and after impingement were used to define isotach contours 
giving a graphical representation of the jet development; values of mass, 
momentum and energy flux were calculated at these same stations to pro-
vide a quantitative measure of the three-dimensional jet field. Because 
of the limited jet development range and the specialized geometry con-
sidered in this study, only limited comparisons with the present inves-
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tigation are possible. 
In 1972, Newman, Patel, Savage and Tjio [2l] conducted a theo-
retical and experimental investigation of an incompressible three-
dimensional wall jet originating from a single circular orifice. The 
jet was exhausted parallel to the plate into quiescent surroundings and 
was examined over a range of 8 to 200 nozzle diameters downstream. The 
experimental investigation included measurements of mean velocity and 
longitudinal turbulence intensity profiles in air and water using hot-
wire and hot-film anemometers. An approximate similarity analysis was 
used to predict that the two transverse length scales and the inverse of 
the mean velocity scale grow linearly with distance downstream from the 
orifice; this behavior was experimentally verified. The authors also 
reported that the longitudinal mean velocity profiles are similar, and, 
if taken sufficiently far downstream, the non-dimensional mean profiles 
are in very good agreement both with comparable measurements for two-
dimensional wall jets and with the exponential profile widely used in 
free shear flows. Similarly, it was shown that at 150 nozzle diameters 
downstream, the non-dimensional velocity profiles for various lateral 
stations also plot on a single curve. The authors also showed that the 
distributions of longitudinal maximum mean velocity versus lateral lo-
cation for various downstream locations plotted on a single curve, the 
shape of which is in agreement with that of the non-dimensional vertical 
velocity profiles. While the quantity of data reported was insufficient 
to verify Naib's four distinct flow regions," the authors did confirm 
the former's boundary growth measurements by showing that the rate of 
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growth of the length scale in the lateral direction was about seven 
times greater than that of the length scale normal to the wall. The 
non-dimensional longitudinal turbulence intensities were found to be 
approximately 50 percent higher than those measured in a two-dimensional 
wall jet. Insufficient data were reported to reveal any sensitivity of 
the results to jet Reynolds number. 
Multiple Circular Orifice Wall Jet 
In 1957, Chesters, Holden and Robertson [22] reported an experi-
mental investigation of protective air curtains created when wall jets 
are discharged into a still environment. The nozzle configurations used 
included a single circular nozzle, a single rectangular nozzle, multiple 
circular nozzles, multiple rectangular nozzles, and a continuous slot 
nozzle, each of which was located approximately one-sixteenth inch above 
the wall surface. The authors were concerned with the gross character-
istics of the flow. Determination of specific results from their data 
is difficult. In addition, their multiple circular nozzles yielded 
highly asymmetrical flow. However, careful replotting of their results 
reveals that at far downstream stations, a smaller rate of velocity de-
cay exists for the multiple circular orifice wall jet than for the single 
circular orifice. This provided some support for the suspicion that 
the individual wall jets merge into an effectively two-dimensional wall 
jet at some downstream station. However, additional data are required 
to confirm this result, as well as to identify the specific behavior of 
multiple circular orifice wall jets. 
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Purpose of the Present Investigation 
An experimental investigation was made to obtain needed data on 
multiple circular orifice wall jets, a configuration which is attractive 
from both jet persistence and structural considerations. Synthesis and 
analysis of these three-dimensional data have been conducted in order to 
compare the behavior of this configuration with the single circular ori-
fice and two-dimensional wall jet results of others and to determine the 
potential of these techniques for BLC applications. 
CHAPTER II 
EQUIPMENT AND INSTRUMENTATION 
The experimental portion of this investigation has utilized the 
Georgia Tech wall jet test facility. A general description of the fa-
cility and a specific description of the modifications required for the 
experimental configurations are included in this chapter. A description 
of the instrumentation required for test measurements is also included. 
General Facility Description 
A diagram of the wall jet test facility is shown in Figure 1. 
This facility consists of separate jet and mainstream air flow systems 
which are ducted together at the test section where the two flows inter-
act. Downstream of the test section, the mixed flow is discharged 
through a single control valve. The jet and mainstream flows are sup-
plied by separate compressors capable of continuous, steady flow opera-
tion. The following paragraphs briefly describe the features of this 
facility; a detailed discussion of the facility is contained in refer-
ence 13. 
Mainstream flow is provided by a single stage centrifugal compres-
sor driven by a 60 HP constant speed motor; the unit will supply an air 
flow rate in excess of 10,000 SCFM. The air flow from this blower is 
first discharged through a perforated baffle tube into a large plenum 





1. Main-stream Blower 
2. Main-stream Plenum and Baffle 
3. Main-stream Transition and Diffuser Combination 
4. Boundary Layer Development Section 
5. Jet Slot Section 
6. Wall Jet Test Section 
7. Main-stream Control Valve 
8. Jet Compressor 
9. Dump Valve 
10. Orifice Meter 
11. Jet Control Valve 
12. Conical Jet Diffuser 
13. Air Supply Control Panel 
14. Instrumentation Panel 
Figure 1. Wall Jet Test Facility Floor Plan 
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then accelerated through a circular bellmouth into a duct containing a 
deep-celled honeycomb flow straightener (cell depth-to-width =6.5) and 
lint screen. The mainstream is then brought through a combination tran-
sition duct and diffuser to a 16 inch by 30 inch rectangular cross sec-
tion. At the exit of this transition duct the flow is passed through 
five separate 36 mesh, 0.0065 inch wire diameter, stainless steel screens 
to insure uniform flow distribution and to eliminate any large scale 
turbulence. This mainstream flow is then introduced into the test bed 
illustrated in Figure 2. The inlet to the test bed is formed by a sym-
metrical fairing which reduces the cross section from the 16 by 30 inch 
duct to an 8 by 30 inch test section geometry. After passing through a 
boundary layer development section, which is 18 inches long, the main-
stream flow enters the 36 inch long test section at a velocity of ap-
proximately 125 feet per second and interacts with the jet flow. These 
combined flows then pass through the downstream control valve. 
The jet flow is provided by a five stage centrifugal compressor 
driven by a 75 HP constant speed motor; the unit will supply a flow rate 
of approximately 1500 SCFM at jet velocities up to approximately 800 
feet per second. The jet compressor discharge incorporates a flow dump 
valve which is operated pneumatically from the control panel; this valve 
allows controlled discharge of excess flow in order to avoid compressor 
surge when a low jet flow is needed. The required jet air flow is ducted 
successively through an orifice run, a throttling valve, a diffuser, a 
plenum, and a series of screens before entering the test section. A 
standard flow orifice is located in a six inch diameter seamless aluminum 











Figure 2. Experimental Test Bed 
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pipe with 34 and 9 diameters of straight run upstream and downstream of 
the orifice plate, respectively. This orifice run is equipped with 
flange pressure taps and a thermocouple probe located five diameters 
upstream of the plate. Following passage through a throttle valve down-
stream of the orifice, the flow is ducted through a five degree conical 
diffuser into a 12 inch diameter by 30 inch long plenum. The diffuser 
and plenum are shown in Figure 2. The flow from the jet plenum is 
ducted upward to the jet nozzle through a 2 inch by 30 inch rectangular 
duct. The flow is then passed through four equally spaced, 24 mesh, 
0.0075 inch wire diameter, stainless steel screens to eliminate flow 
nonuniformities and large scale turbulence. Finally, the jet flow is 
accelerated and turned parallel to the test section floor by the jet 
nozzle, and then discharged into the test section, as illustrated in 
Figure 2. 
The test section side walls are constructed of clear plexiglass 
to facilitate observation of flow visualization studies and to allow 
precise location of test probes. The precision ground aluminum plate 
floor incorporates static pressure taps along the test bed centerline 
and offset 7.5 inches to the right and left of the centerline. The test 
section also incorporates provision for imposing pressure gradients on 
the interacting flows with a perforated ceiling, shown in Figure 2, and 
an adjustable downstream control valve. 
Experimental Configurations 
Research on the wall jet test facility prior to that reported 
herein had addressed the characteristics of a two-dimensional (2-D) wall 
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jet [l3], as illustrated in Figure 2. These jets discharged from slots 
measuring 30 inches in width and having heights of 0.056 inch and 0.155 
inch. To examine the performance of multiple circular orifice wall 
jets, a modification to the jet nozzle was required. This modification 
was guided by four considerations [23]. First, in order to provide a 
basis for comparison of the multiple orifice results with the previous 
2-D investigations, a common jet discharge area was desired. Second, 
it was desirable to have an odd number of orifices so that the individual 
nozzles could be symmetrically spaced about one located at the center of 
the 30 inch span. Additionally, it was desired that the nozzle spacing 
be selected to provide approximately 4.5 inches of downstream jet devel-
opment before merger of the individual jets, assuming a 15° lateral 
spreading rate [l9]. Finally, it was necessary that any rig modifica-
tions for the multiple nozzle be reversible, so that, if desired, the 
2-D jet could be examined further. 
The 2-D jet configuration, shown in Figures 2 and 3, consisted of 
two 30 inch long, precision machined nozzle blocks attached with transi-
tion pieces to the jet plenum. The multiple nozzle designs which satis-
fied the design criteria in this effort utilized a machined nozzle block 
which fits as an extension to the 2-D nozzle blocks. The nozzle block 
was manufactured from aluminum to an overall tolerance of + 0.004 inch. 
The 11 circular nozzles were formed by thin-walled, seamless, stainless 
steel tubing inserts which were interference-fitted in the drilled and 
radiused orifices of the nozzle block. Each nozzle was 0.444 inch in 




Figure 3. Two-dimensional Jet Nozzle Assembly 
across the 30 inch test bed span. The resulting flow area of 1.702 
square inches was approximately one percent larger than that of the 
0.056 inch 2-D slot. 
Two circular orifice wall jet configurations were used in the 
investigation. The basic configuration features discharge of multiple 
circular jets parallel to the wall, as shown in Figure 4. A detailed 
cross section of the nozzle block is shown in Figure 5. The basic con-
figuration was tested to determine its behavior without freestream flow 
and to provide a performance baseline. Preliminary testing of the basic 
configuration with freestream flow revealed that flow separation existed 
between the circular orifices. The integrated configuration incorporates 
simple, straight geometry fairings or ramps between each nozzle. These 
provide a reduction in the between-nozzle mainstream flow turning angle 
from 30° to 13°. This integrated design, shown in Figure 6, provides 
smooth turning of the freestream flow without flow separation, and is a 
suitable configuration for integration in a wing or ejector installation. 
The between-nozzle fairings, which are shown in the nozzle cross section 
of Figure 7, span the distance between nozzles to within 0.059 inch of 
each nozzle and extend 1.534 inches downstream of the nozzle exits. 
The ramps were cast of polyester resin (Ditzler 999) in a precision 
machined mold and were attached to the nozzle block using silicone rubber 
adhesive. Accurate positioning of the parts was provided by a precision 
machined spacing plate. 
The multiple orifice nozzle block was joined to the two-dimensional 
nozzle blocks as shown in Figure 8. The block was aligned and retained 
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Figure 4. Multiple Orifice Wall Jet, Basic Configuration 
0.020" ± .003 
0.566" 
0.062" ± .00? _ * 
0.453 ± .002 Dia. 
0.054" ± .002 
0.500" ± .002 Dia 
0.031" ± .002 
Figure 5. Multiple Orifice Jet Nozzle Block, Basic Configuration 
^3 
20 
Figure 6. Multiple Orifice Wall Jet, Integrated 
Configuration 
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Figure 8. Multiple Orifice Jet Nozzle Assembly 
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in position by 0.25 inch machine screws in the test bed side walls, and 
was sealed to the upper and lower two-dimensional nozzle blocks using 
silicone rubber adhesive. The installed nozzle block positioned the 
centerline of the individual nozzle exits 0.331 inch above and parallel 
to the test section floor. The installation used a 24 mesh, 0.0075 inch 
wire diameter, stainless steel screen across the inlets of the multiple 
orifice nozzle block to provide uniform flow in the individual nozzles. 
Data Acquisition Components 
The velocity profile data of this investigation were determined 
using pressure measurements from flat-tip pitot probes and static probes, 
in conjunction with temperature measurements from a copper-constantan 
thermocouple probe. Skin friction measurements were made using a 0.014 
inch outside diameter, circular tip Preston tube. Probe geometries are 
shown in Figures 9, 10, 11 and 12. Jet plenum and orifice conditions 
were measured using circular-tip pitot probes, orifice flange pressure 
taps and copper-constantan thermocouples. 
The probes were mounted in an actuator located out of the flow 
field above the test section. The actuator, along with its support and 
traverse system is shown in Figure 13. The actuator was manually trans-
lated, both laterally and longitudinally, parallel to the test bed floor 
on two horizontal sets of rigid circular guide rods. The actuator was 
translated vertically along a third set of guide rods, in increments of 
0.001 inch, by a remotely controlled stepping motor (Superior Electric 
Company, Model SLO-SYN-HS25). The motor was coupled to the actuator by 
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Figure 12. Preston Probe Geometry 
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Figure 13. Probe Actuator Assembly 
5703039 with Saginaw Ball Bearing Screw Assembly Model 0631-0200 SRT). 
The position of the probe relative to a datum was monitored using an 
electronic counter. The actuator could traverse three probes simul-
taneously, each spaced 2.727 inches apart in the carriage; this spacing 
corresponds to the individual nozzle centers. 
Test pressures were measured with three highly stable and linear, 
variable capacitance pressure transducers (CGS Scientific, Datametrics 
Division, Type 501) in conjunction with three Barocel Electronic Manom-
eter signal conditioners (CGS Scientific, Datametrics Division, Type 
1015). A 10 mm mercury maximum Ap transducer was employed for measuring 
the lower pressure differentials, and two 1000 mm Hg maximum Ap trans-
ducers were employed for higher differentials. Each transducer output 
was passed through a separate signal conditioner equipped with an auto-
matic ranging feature to amplify the transducer output; this allowed 
increased accuracy for small pressure readings. The signal conditioner 
output was displayed on a digital voltmeter. 
Four 48 channel Scanivalve units (Scanivalve Inc., Model 48J4GM) 
and four Scanivalve fluid switch wafers (Type Wl) were used for rapidly 
sampling all pressures, periodic checks of transducer zero shifts, and 
periodic comparison of all transducers. The wafer switch provided con-
venient biasing of the test and ambient pressure. The Scanivalve units 
were actuated by a five channel solenoid controller (Scanivalve Inc., 
Model CTLR2/5X54). One Scanivalve unit and wafer switch combination was 
used to sample static pressure readings; one was used to sample profile 
and plenum total pressure; and the remaining two units sampled flow 
orifice pressures. A typical pressure sensing sequence is shown sche-
matically in Figure 14. 
In order to maintain constant jet conditions during testing, an 
additional pressure read-out channel consisting of a 1000 mm Hg maximum 
Ap transducer, fluid switch wafer and signal conditioner was used to 
continuously monitor plenum chamber stagnation pressure. The output was 
displayed on a digital voltmeter. 
Ambient pressure at the test site was measured by a calibrated 
Bourdon-tube barometer (reading uncertainty of ± 0.01 inch Hg). Ambient 
temperature was measured by a mercury thermometer of laboratory quality 
(reading uncertainty of ± 0.5°F). 
Test temperatures were measured using copper-constantan thermo-
couples with a precision thermocouple reference junction (Pace Engineer-
ing Company, Model BRJR13). 
The tests were controlled and the data were recorded using a 
Hewlett-Packard Automated Data Acquisition System consisting of a Model 
2114B computer with 8K words of core storage, a Model 2401C Integrating 
Digital Voltmeter, featuring automatic ranging and six digit display, a 
Model 2752A Teletype and Tape Punch and a computer interface for connect-
ing 30 data channels to the digital voltmeter (DVM). A block diagram 
showing functions of the system is shown in Figure 15. The computer was 
programmed to step the probe actuator vertically using a translator con-
troller (Superior Electric Company, Model SLO-SYN-STL 800 BV), to cycle 
the Scanivalves using the solenoid controller, to cycle the data channel 
scanner (Monsanto, Model 508A), to initiate sampling and to record volt-
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LO 
ro 
simple on-line data reduction calculations, and to output the data on 
the teletype and/or tape punch. 
The quality of the pressure and temperature data was enhanced 
considerably by integrating the data input to the DVM over a period of 
one second. This period is considered of sufficient length to provide a 
very accurate measurement of the mean value of pressure and temperature. 
Additionally, this measurement technique allowed determination of the 
mean value without the need for electronic damping of the signal, as is 
required for manually recording the value from a non-integrating digital 
voltmeter. The data quality was further enhanced by computer averaging 




The techniques used to evaluate the accuracy of the experimental 
measurements are described in this chapter. The general methods for 
measuring the jet and mainstream flows and of acquiring and reducing the 
experimental data are also presented. 
Evaluation of Equipment 
Temperature Measurement Instrumentation 
The four thermocouple probes used for flow temperature measure-
ment were calibrated against a laboratory quality mercury thermometer 
graduated in 0.5 degree Fahrenheit increments as a standard. The ther-
mometer and probes were placed in a distilled water bath which was heated 
incrementally through a range of temperatures comparable to those en-
countered in the test program. (The flows exhibited temperatures of 
10-90°F above ambient due to the compression process.) The thermocouple 
outputs were read by the computer data acquisition system, and were used 
to define an empirical temperature-emf relation. The incremental heating 
of the probes and thermometer was then repeated, using the experimentally 
determined relation to calculate probe temperatures. The two types of 
instruments differed by no more than one degree Fahrenheit throughout 
the range of temperatures investigated. 
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Pressure Measurement Instrumentation 
Bourdon-tube Barometer. A precision mercury-column barometer, 
accurate to ± 0.001 inch of Hg, was used as a standard for calibration 
of the test site barometer. The comparison was conducted over a period 
of several weeks in order to establish a significant range of pressures. 
After an initial adjustment, all readings of the Bourden-tube barometer 
agreed within 0.01 inch of Hg over the entire range of barometric pres-
sures recorded. Periodic comparisons were made thereafter to assure 
that this accuracy was maintained. 
Pressure Acquisition System. The three independent pressure 
measuring systems, each composed of a Scanivalve unit, fluid switch 
wafer, pressure transducer and signal conditioner, were compared using 
the computer data acquisition system before and after each major segment 
of research. To accomplish this comparison, each pressure system was 
used to monitor the same pressurized plenum chamber while using ambient 
pressure as a reference. The test consisted of incrementally loading and 
relieving the plenum pressure and recording the output of each system at 
every plateau. The comparison of the single 10 mm Hg and two 1000 mm 
Hg transducers was over the complete range of the smaller capacity 
transducer, and the comparison of the two 1000 mm Hg transducers was 
over their entire range. 
The difference between the 10 mm Hg and the 1000 mm Hg transducer 
systems was typically less than 0.47o of the reading; the maximum differ-
ence ever observed was less than 0.87o of the reading. The 1000 mm Hg 
transducer systems usually differed by less than 0.2% of the reading; 
the maximum disagreement ever observed was less than 0.6% of the reading. 
These results are within the manufacturer's specifications for these 
transducer systems. 
As a further check on the accuracy of the pressure measurement 
system, individual Barocel transducers were periodically calibrated 
using a dead weight tester, an accepted laboratory standard. Comparison 
over the full range of the 1000 mm Hg transducers was not possible due 
to limitations of the dead weight tester. However, over the complete 
range of the 10 mm Hg transducer and up to approximately 250 mm Hg for 
the 1000 mm Hg transducers, the units were found to measure the impressed 
pressure with an accuracy of from 0.2 to 0.4% of the reading. This be-
havior is consistent with the comparisons discussed above. Periodic 
calibrations were made thereafter to assure that this accuracy was main-
tained. Additionally, in an investigation of pressure measurement stand-
ards, Utterback and Griffith [24] found the variable capacitance pressure 
transducer to be a highly stable and precise measurement device. 
Since the flow under consideration in this investigation was very 
nearly incompressible, percentage velocity errors vary approximately as 
the square root of the corresponding dynamic pressure error. For the 
small magnitude of errors discussed above, the resulting velocity error 
is roughly one half of the dynamic pressure error and the resulting flow 
momentum error is roughly proportional to the dynamic pressure error. 
The pressure measurement systems were checked frequently for 
leakage. The ports of each pressure system were sequentially pressurized 
to approximately mid-range of their respective transducers and were 
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sealed at that pressure. The pressure decay due to leakage was monitored 
on a digital voltmeter and was found to be less than 0.25% of the reading 
per minute. Since the response time of the system was of the order of 
five seconds, this leakage rate was insignificant. 
Probes. Two different flattened-tip pitot probes were used in 
determination of velocity profiles in the present work. One configura-
tion features a flattened-tip tube canted downwards at a 6° angle to the 
flow direction, while the other has a flattened-tip tube facing directly 
into the flow. The latter probe was used in the combined flow studies 
to minimize the influence of flow pitch angularity. These probes are 
shown in Figure 9. Neale [13] previously compared the measurements of 
these two probes with a circular-tip probe in a two-dimensional boundary 
layer flow; the probes were carefully aligned with the flow. No signifi-
cant effects of the probe geometry were detected, even in the region 
near the surface. 
Because the spreading of the multiple orifice jets introduced yaw 
and larger pitch components to the flow sensed by the probes, it was 
necessary to determine their yaw and pitch sensitivity. Likewise, the 
sensitivity of the static pressure probe, which was used both in evaluat-
ing the velocity profile and in the skin friction measurements, had to 
be determined. Thus, an investigation was conducted utilizing the com-
puter data acquisition system, the probe actuator, and, in turn, the two 
flat-tip pitot probes and the static pressure probe. The probes were 
positioned outside the boundary layer in the mainstream flow. The in-
vestigation consisted of orienting the probes both parallel to the flow 
and inclined at several angles to the flow, simulating either pitch or 
yaw flow components. For each orientation, the ratio of the difference 
between the indicated pressure at the inclined orientation, P or p., 
i 
and the indicated pressure at the parallel orientation, P or p, to the 
mainstream dynamic pressure, q , defines the probe pressure error due to 
a non-parallel flow component. The results of this investigation are 
shown in Figure 16. They indicate that pitch and yaw affect the probes 
comparably, and that for yaw or pitch angles less than 5°, a pressure 
error of less than \°L is measured. It should also be noted that the 
errors in total and static pressure increase quite rapidly for yaw or 
pitch angles greater than 5°, but these errors tend to compensate one 
another in calculations of velocity. This fact is demonstrated in Fig-
ure 17, where the velocity error resulting from the combined yaw errors 
of the 0° cant total pressure probe and the static pressure probe are 
displayed in terms of the indicated and actual velocities. It is also 
noted that the asymmetry in the response of the probes to pitch and yaw 
are the result of probe geometry and, probably, probe imperfections. It 
was concluded from this study that the influence on the velocity calcu-
lation due to flow pitch and yaw components was not significant. 
The 0.014 inch diameter Preston-type probe used in skin friction 
determinations in this investigation was previously calibrated by Neale 
[13]. The close agreement demonstrated in that calibration with the 
results of Patel [25] served as justification for using the latter's 
equation in evaluating skin friction from the measurements in the pres-
ent work. 
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The static pressure probe used in the velocity profile and skin 
friction determinations of this effort was also previously checked [l3] 
for sensitivity to proximity to solid boundaries. The probe was evalu-
ated by comparing its readings with those of various l/l6 inch diameter 
floor static taps over a range of typical test pressures. The two re-
sults agreed within 1% of the reading for the entire range of pressures, 
with the probe registering consistently lower values. For the worst 
case, this difference in reading corresponded to less than 2.2% of the 
local free-stream dynamic pressure. This difference is probably due, in 
part, to the size of the floor static pressure taps. (An inside diam-
eter or l/32 inch is commonly recommended for static taps L26j.) It 
was concluded that the sensitivity of the static probe to solid bound-
aries was negligible. 
The possibility of interaction between the three probes when they 
were used simultaneously was also checked. With the three probes initi-
ally aligned for flow measurement, the static pressure and thermocouple 
probes were separately, and then simultaneously, raised and lowered 
relative to the total pressure probe. From monitoring the output of the 
total pressure probe, it was determined that, within the accuracy of the 
instrumentation, no pressure effects resulted from the presence of the 
static pressure and thermocouple probes. A similar check of the effect 
of the presence of the pitot and thermocouple probes on the static pres-
sure output revealed the same result. 
Probe Traverse 
To evaluate the accuracy of the probe traverse actuator lead screw 
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over the span of probe travel, the actuator was mounted on a precision 
flat reference surface. A steel dowel, mounted in the probe carriage, 
was raised by the actuator, and its indicated travel was compared with 
the travel of a standard height gauge. Over the 15 inch span of actua-
tor travel, the indicated travel agreed within ± 0.15% of the actual 
travel, confirming the manufacturer's specification of .0015 inch varia-
tion per inch of travel. 
Test Bed Grid 
The three-dimensional nature of the wall jet produced with mul-
tiple orifices makes accurate lateral positioning especially critical. 
This consideration was met in the present investigation through the use 
of a precision machined and scribed spacer plate, which was used to draw 
lines on the test section floor corresponding to the nozzle centerlines. 
Symmetrical subdivisions of this grid were then accomplished using a 
precision ruler. The accuracy of these subdivisions was then rechecked 
with the spacer plate. A precision ruler was also used to construct 
and check a grid for stations downstream of the jet exit plane. It is 
considered that this grid allowed lateral and downstream positioning of 
the probes to an accuracy within ± 0.03 inch. 
Flow Measurement Procedures 
Calculation of flow velocity was basic to all portions of this 
investigation. This calculation, which used the compressible flow rela-
tions [27J, required determination of the total and static pressure and 
the temperature. The procedures used to measure these flow properties 
are described in the following paragraphs. 
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Mainstream Flow 
Measurement of the flow conditions for the two-dimensional main-
stream flow were made in the center of the test bed at the exit of the 
boundary layer development section. The measurement station, hereafter 
referred to as the 'reference station," was located three inches up-
stream of the nozzle exit plane. 
Jet Flow 
Jet Plenum Conditions. The jet plenum flow properties were mea-
sured by total pressure and temperature probes inserted through each 
wall of the jet slot section just ahead of the jet nozzle contraction. 
The total pressure probes revealed identical total pressures at each end 
of the plenum. The total temperature probes revealed less than a 4°F 
temperature gradient over the 30 inch plenum width. This small differ-
ence in plenum temperature was rendered insignificant by averaging the 
outputs for velocity calculations. 
Jet Profiles. To define a velocity profile in the efflux of the 
multiple orifice jets required determination of the profiles of static 
pressure, total pressure and temperature. The possibility of making a 
survey for each of the three variables at each lateral station (i.e., 
three separate surveys) was considered. However, an alternate method 
which substantially reduced the testing time, and hence the period over 
which the flow conditions had to be maintained fixed, was employed. 
This method defined the velocity profiles for a chosen nozzle on the 
basis of the total pressure profile for that nozzle and the static pres-
sure and total temperature profiles of adjacent nozzles. To validate 
this method of profile acquisition, the sensitivity of the velocity 
calculation to temperature and static pressure differences was examined. 
Then multiple traverses were conducted at the jet exits and at down-
stream locations to define the typical differences in these flow vari-
ables for adjacent nozzles. 
The flow velocity is a function of the square root of the absolute 
temperature; thus, a change of 5°R in total temperature, for the range 
of jet temperatures considered, yields less than a 0.57o change in jet 
velocity. Therefore, the velocity calculation was quite insensitive to 
small variations in the temperature profiles of adjacent nozzles. From 
centerline surveys of the multiple nozzle exits, it was determined that 
the typical temperature variations were less than ± 2"F. At approximately 
12 nozzle diameters downstream, the typical variations were less than 
± 1CF. 
The flow velocity is proportional to the square root of (1-p/p ) , 
where the pressures are absolute values. Thus, a difference between 
absolute static pressures of 5%, for the range of jet total pressures 
considered, yields approximately a 0.1% change in jet velocity. There-
fore, the velocity calculation was very weakly sensitive to variations 
of static pressure between adjacent nozzles. Due to the tip length of 
the probe, static pressure profiles were not determined at the nozzle 
exits. However, at approximately 12 nozzle diameters downstream of the 
jet exits, the typical variation in gauge static pressure between adja-
cent nozzles was less than ± 3%. 
Thus, it was concluded that calculation of the velocity profiles 
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for a given nozzle, based on the total pressure profile for that nozzle 
and the static pressure and total temperature profiles of adjacent 
nozzles was valid, and that this calculation yielded values of velocity 
accurate within ± 0.57o. 
Data Acquisition and Reduction 
Setting and Stabilization of Flow Conditions 
Prior to initiating a test run, a calculation was performed to 
estimate the jet plenum pressure required to achieve the desired jet 
velocity. The plenum pressure monitoring channel was then activated, 
and the jet compressor was started. The jet excess dump valve and con-
trol valve were adjusted until the plenum pressure reached the calculated 
value. The jet was allowed to warm up for at least an hour before initi-
ating a test. For tests involving both flow systems, the mainstream 
blower was started and allowed to warm up for at least 15 minutes before 
initiating a test. With these rig warm-up periods, stable test condi-
tions (within ± 0.57o) were maintained for periods exceeding eight hours 
of continuous testing. 
During the initial warm-up the data acquisition system was pre-
pared. The thermocouple reference junction was activated and allowed to 
stabilize at its reference temperature. The probe traverse control unit 
and the electronic counter were energized to actuate and display the 
traverse position. The computer system was then configured for acquisi-
tion of the test data. 
Final close adjustment to the desired operating condition was 
made prior to taking data. A period of approximately 10 minutes was 
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then allowed for the rig conditions to stabilize. In most instances the 
desired operating point was reached within ± 0.257o accuracy after one 
cycle of this procedure. 
Probe Location 
During the jet warm-up period, the test probes were positioned at 
the desired survey station and lowered to the test section floor for 
alignment. The total pressure probe was set lower in the carriage so 
that it contacted the floor before the other probes. A resistance meter 
was grounded to the test section floor, and the positive lead was at-
tached to the top of the total pressure probe. The carriage was lowered 
until the meter signaled that the pressure probe had solidly contacted 
the floor. The carriage was then stepped upward in 0.001 inch increments 
until the meter indicated that probe contact with the floor was tenuous. 
The electronic counter was then set to zero. This exercise was repeated 
twice to verify the zero. With the total pressure probe at the zero 
location, the positive meter lead was connected to one lead of the ther-
mocouple probe. The latter probe was loosened in its holder and was 
lowered manually until solid contact with the floor was indicated. The 
probe was then raised slowly until the meter indicated that the contact 
with the floor was about to be lost; the probe was fixed in the actuator 
carriage in this position. The resistance meter was again connected to 
the total pressure probe, and the zero point was rechecked to insure 
that the actuator had not been moved. The carriage was then raised 
0.001 inch, and the positive meter lead was connected to the top of the 
static pressure probe. The probe was freed in its holder and was lowered 
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manually until solid contact with the floor was indicated. The probe 
was then raised slowly until the meter indicated that contact was about 
to be lost. The probe was then fixed in the actuator carriage in this 
position. The carriage was then lowered 0.001 inch, restoring contact 
of the total pressure and temperature probes with the floor and putting 
a 0.001 inch compressive deflection on the static pressure probe. Ob-
servation of the static probe tip with an optical cathetometer revealed 
that this extremely light compression did not result in a deflection of 
the probe tip away from the wall. In these manipulations, all probes 
were aligned with the flow by comparison with the test bed grid lines on 
the floor. 
Calibration and Checks of Data Acquisition System 
Just prior to initiating the test program, several calibrations 
and checks were made. Calibration and zero point checks were performed 
on the integrating digital voltmeter. Each Barocel signal conditioner 
was adjusted in accordance with the manufacturer's operation manual. 
The computer data acquisition system was used to perform the calibration 
and zero point checks on each channel of the pressure system. 
At least once during a velocity profile survey the Barocel trans-
ducers were rechecked to verify that their zeroes had not changed. At 
the conclusion of a profile, the transducer zeroes were again checked. 
The initial conditions were maintained for all reported data. 
Data Acquisition 
For all test programs, the first data input were the ambient con-
ditions. These were read from the barometer and the test stand thermom-
48 
eter, and input to the computer. 
For the jet-only testing, the computer data acquisition system 
was then used to read the jet plenum pressure and temperature, and to 
calculate the jet velocity. Expansion to ambient conditions was assumed 
since the test section was open. 
The wall jet velocity profile at each axial and lateral station 
was then evaluated by the computer data acquisition system. For each 
data point the computer recorded the total pressure, total temperature 
and probe carriage position and calculated the profile velocity based 
on ambient static pressure. The probes were repositioned vertically in 
selected increments ranging from 0.005 inch to 0.080 inch, depending upon 
the local rate of change of velocity with height. Each profile consisted 
of approximately 50 points. By monitoring the plenum conditions during 
the test, the jet velocity was maintained within ± 0.25%. 
For the combined jet and free-stream flow investigation, the 
probes were raised from the test bed floor and moved forward to the ref-
erence position at the exit of the boundary layer development section. 
The computer data acquisition system was used to read the mainstream and 
jet plenum pressures and temperatures. It then calculated mainstream and 
jet velocities and the velocity ratio. Since the test section ceiling 
was open, the velocities were calculated assuming expansion to ambient 
conditions. This approach is considered reasonable since measurements 
on the jet centerline at the closest measurement station (x/d = 8.2) 
gave a gauge static pressure which was less than 2% of the local dynamic 
head. 
The mainstream floor boundary layer just upstream of the nozzle 
exit plane was recorded next. The probes were lowered to the floor, 
their alignment was checked, and, then, the computer recorded the bound-
ary layer velocity profile in the same manner as described for the jet 
profile. Then, the probes were manually moved to each desired downstream 
location, lowered to the floor and rechecked for proper alignment. 
Next, while the jet and freestream conditions were held constant, the 
computer recorded the profile data for the interacting jet and main-
stream flow and calculated the velocity profile. 
Finally, skin friction measurements were performed with the 
Preston tube and static pressure probes positioned on the floor at those 
locations where velocity profiles were obtained. The computer data ac-
quisition system was also used to record these pressures. 
Data quality was enhanced in each phase of the testing by utiliz-
ing the integrating and averaging capabilities of the computer data ac-
quisition system. While the period of integration of a single reading 
was varied from 0.1 second to 1 second depending upon reading steadi-
ness, each pressure data point resulted from a simple average of 10 of 
these integrated readings. Each temperature data point resulted from a 
simple average of five readings. This integrating and averaging tech-
nique requires significant test periods. For example, surveying a single 
velocity profile for the combined flow field typically required one hour. 
However, the resulting data quality is considered sufficient justifica-
tion for the approach. 
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Data Reduction 
During the acquisition of the velocity profile data, the compute 
simultaneously punched output data on paper tape. The resulting data 
were then used with several data reduction programs. These programs 
provided the means for conducting any or all of the following tasks: 
1. Numerical integration of the mainstream boundary layer 
yielding displacement, momentum and energy thicknesses. 
2. Numerical integration of the combined flow field yield-
ing displacement, momentum and energy thicknesses. 
3. Numerical integration of the nozzle discharge velocity 
profiles yielding individual nozzle mass flow. 
4. Calculation of the local skin friction values. 
5. Calculation of "law of the wall" data. 
6. Calculation of flow similarity data. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
The results of an investigation of a multiple orifice wall jet 
operating with and without external flow are presented and discussed in 
this chapter. The specific areas of investigation will be described, 
followed by a discussion of the flow quality evaluation. Finally, the 
results of each investigation will be detailed. 
Areas of Investigation 
This investigation of multiple orifice wall jets was conducted 
as a three-phase experimental program. The results provided a basis for 
evaluating the potential of the concept for boundary layer control and 
for developing and/or assessing methods for applying wall jet flows. 
The investigation proceeded systematically from a relatively simple 3-D 
wall jet flow field to the more complex interacting flow fields of the 
wall jet and the mainstream. Figure 18 presents nomenclature for the 
most complicated wall jet velocity profile. Where applicable, the spe-
cific terminology is the same for all simpler profiles. 
Phase 1 consisted of an investigation of the wall jet produced 
with the basic multiple orifice configuration (Figure 4) without a main-
stream flow. This test program provided both a performance baseline for 
multiple orifice wall jets and an evaluation of the jet Reynolds number 
sensitivity of this general 3-D wall jet configuration. Then, by refer-
ring to this reference case, it was possible to determine changes in 
performance due to modifying the design for integration in an applica-
tion. The jet centerline velocity profile form and a composite of typi-
cal streamwise development are shown in Figure 19. 
The wall jet produced with the integrated multiple orifice con-
figuration (Figure 6) without a mainstream flow was investigated in 
Phase 2. This test program provided an assessment of the performance 
change generated by incorporating typical integrational modifications, 
as well as more detailed evaluation of the 3-D flow development. Typi-
cal streamwise development along the jet centerline is shown in Figure 
20. 
In Phase 3 the interaction between the wall jet produced with the 
integrated multiple orifice configuration (Figure 6) and a mainstream 
flow with a thin boundary layer was investigated. This phase explored 
the changes in performance which occurred when this typical integrated 
design was operated under conditions simulating a BLC application. 
Typical streamwise development along the jet centerline of this combined 
flow is shown in Figure 21. 
Specific test conditions for these three phases are detailed in 
the following paragraphs. 
Phase 1 
The wall jet development along the jet centerline and the sensi-
tivity of these results to jet Reynolds number were investigated for the 
basic multiple orifice configuration without mainstream flow in this 
phase. The Reynolds number is based on the nozzle diameter. However, 
to facilitate comparison of the results with two-dimensional wall jets, 
the Reynolds number was also based on an equivalent 2-D slot height. 
This equivalent height, h , is defined by the ratio of the flow area 
to the jet span. Experimental results for this phase were obtained at 
five stations downstream of the jet exit for an equivalent slot height 
of 0.0567 inch and for slot Reynolds numbers of 6700 and 13,400 (nominal). 
These conditions represent Reynolds numbers based on nozzle diameters of 
53,400 and 106,800, respectively. Limited horizontal surveys were also 
conducted to determine the lateral growth of the individual jets. The 
jet edge was defined to be the point where P = 0 at the height of 6-, 
above the wall. 
Table 1 identifies the data collected for this phase. The data 
are available in Appendix A in tabular form. 
Phase 2 
The wall jet development along the jet centerline was investigated 
for the integrated multiple orifice configuration without mainstream 
flow in the first part of this phase. Comparisons of the results of 
this investigation with those of Phase 1 define the changes due to fair-
ing (or integrating) the individual nozzles. In the second part, sur-
veys off the jet centerline were conducted to enable the definition of 
jet lateral characteristics. Experimental results were obtained at nine 
stations downstream of the jet exit for the equivalent slot height of 
0.0567 inch and for a slot Reynolds number of 6700 (nominal). This con-
dition corresponds to a Reynolds number based on nozzle diameter of 
53,400. Local skin friction values were also determined at seven down-
stream locations for jet centerline and off-centerline locations. 
A listing of the data secured in this phase is given in Table 2. 
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The data are tabulated in Appendix B. 
Phase 3 
This investigation of the integrated multiple orifice configura-
tion considered the interaction of the jet with the mainstream flow. A 
mainstream boundary layer comparable to that of Neale [l3] was used to 
enable comparisons with 2-D wall jet results. In contrast to the first 
two phases of this work, which used a jet-to-mainstream velocity ratio 
of infinity, the testing in this phase was at an initial velocity ratio 
of two. These choices of velocity ratio provide data at the practical 
bounds of wall jet applications. A velocity ratio of two is also approx-
imately the lower limit of the primary to secondary ratio for a high 
performance ejector L7J. Both jet-centerline and off-centerline surveys 
were conducted. Additionally, local skin friction values were deter-
mined for jet-centerline and off-centerline locations. 
Table 3 summarizes the data for this phase. The data are tabu-
lated in Appendix C. 
Flow Evaluation 
The flow quality was carefully evaluated before initiating each 
phase of the test program. These results are detailed in the following 
sections. 
Phase 1 
Velocity profiles were determined at the exit plane of the nine 
centrally located circular orifices in order to compare the uniformity 
and magnitude of the efflux from each jet. These surveys were made along 
the vertical jet centerline of each nozzle, and along the horizontal jet 
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centerline of three nozzles, while maintaining constant jet plenum con-
ditions. Vertical velocity profiles for the five nozzles which are 
centrally located about the jet centerline are shown in Figure 22. The 
theoretical jet velocity, u., is based on isentropic expansion of the 
jet plenum conditions to the ambient; the actual velocity, u, is somewhat 
lower reflecting the viscous losses experienced in the nozzle block. 
The horizontal velocity profiles for the three centrally located nozzles 
are shown in Figure 23. (The nozzles are numbered 1 to 11 from left to 
right viewing upstream; the centerline nozzle is number 6.) The verti-
cal profiles are typical of those for all nozzles, and excellent repeat-
ability for any nozzle was shown. 
Each of the vertical profiles was numerically integrated using 
Simpson's Rule [28] in order to determine the mass flow of each nozzle. 
The flow coefficient of each nozzle was defined as the ratio of the in-
tegrated mass flow rate, m , to the mass flow rate based on the ideal 
expansion of the jet plenum conditions, m. . The momentum coefficient of 
each nozzle was defined as the ratio of the actual momentum flux of the 
nozzle (based on m and an equivalent profile velocity) , to the ideal 
momentum flux of the nozzle. The equivalent profile velocity is a mean 
velocity which reflects the internal losses in the nozzle block due to 
passage through the flow smoothing screen and to the boundary layer on 
the interior nozzle wall. From the profiles of Figure 22, a mean value 
of 0.92 u. was chosen. As shown in the following tabulation, the five 
J 
centrally located nozzles exhibited a ± 1.8% difference in flow and mo-
mentum coefficient and a ± 0.757o difference in maximum velocity. 
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NOZZLE FLOW DATA 
Red = 53,400 
Nozzle m. mT _ Flow Momentum u 
j I.P. max 
slug/sec slug/sec Coefficient Coefficient ft/sec 
4 6.399 x 10~4 5.573 x 10~4 0.871 0.801 282.9 
5 6.389 X 10~4 5.564 X 10~4 0.871 0.801 279.5 
6 6.399 X 10"4 5.587 X 10-4 0.873 0.803 278.2 
7 6.415 X 10"4 5.783 X 10-4 0.901 0.829 279.9 
8 6.411 X 10"4 5.596 X 10~4 0.873 0.803 279.6 
Surveys along the horizontal centerlines, shown in Figure 23, 
showed that the three centrally located nozzles exhibited only a ± 0.75% 
difference in maximum velocity. From these measurements it was concluded 
that the flow through the five centrally located nozzles was acceptably 
uniform and subsequent measurements were made over this lateral span of 
the nozzles. 
Surveys were made to determine the uniformity of the flow down-
stream of these same five nozzles. The reader will recall that nozzle 
six was centered in the 30 inch test bed span; this lateral location was 
identified z = 0 inches. Hence, the centerline of nozzle four was lo-
cated at z = -5.454 inches; the centerline of nozzle five, at z = -2.727 
inches; the centerline of nozzle seven, at z = 2.727 inches; and the 
centerline of nozzle eight, at z = 5.454 inches. Velocity profiles were 
determined from measurements on the centerlines of these five nozzles at 
x/d of 5.4 and 15.3, and on the centerlines of nozzles five, six and 
seven at x/d =8.7. All profiles were measured at Re = 53,400 (nominal). 
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In general, since the data scatter was negligibly small, the 
differences in the velocity profiles were attributed to flow non-
uniformities associated with the individual nozzles. As will be de-
scribed below, the greatest disagreement occurred nearest the nozzle 
exits. The agreement was significantly improved at downstream stations 
due to turbulent mixing with the surrounding air. 
The individual profiles, shown in Figures 24a and 24b for x/d = 
5.4, exhibit the same trends in relative magnitude as were shown at the 
nozzle exits (Figure 22). The wall layers of nozzles five and eight 
have lower velocities than that of the centerline nozzle, while those for 
nozzles four and seven are higher. Although the maximum disagreement in 
this region of the profile is approximately 9%>, the peak velocities agree 
within 1%. The maximum disagreement in velocities in the jet layer por-
tion of the profile is approximately 18% between the profiles of nozzles 
four and eight. The agreement of the profiles of nozzles five, six and 
seven is considerably better—approximately 4.3% difference in the re-
gion of 6o. 
At x/d =8.7, the differences between the profiles of nozzles 
five, six and seven are reduced, with good agreement between nozzles six 
and seven and approximately 7%> maximum disagreement in velocity with 
nozzle five in the wall layer, 0.1% disagreement at the peak, and ap-
proximately 5% disagreement in the region of 6„. 
The individual profiles at x/d = 15.3, shown in Figure 24c, ex-
hibit a further overall improvement, with approximately 3% maximum dis-
agreement in velocity in the wall layer, approximately 2% disagreement 
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at the jet peak, and approximately 1% maximum disagreement in the region 
of 62. 
An additional check of mean flow uniformity for nozzles five, six 
and seven at x/d = 15.3 was provided by computing the vertical integral 
of the velocity over the interval of y = 0 and y = y , where y is the 
value of y where u/u, = 0.25. The integral was evaluated numerically 
using Simpson's rule. The results revealed 0.04% difference in the 
velocity integral for nozzles six and seven, and only 0.15% difference 
for nozzles five and six. Thus, good centerline mean flow uniformity 
existed for the centrally located nozzles. 
From the results of these studies, it was concluded that the 
centerline flow from the five surveyed nozzles was acceptably uniform. 
It was also concluded that the flow from nozzle six represented an aver-
age of the discharge from the five center nozzles. Therefore, subse-
quent downstream measurements for this phase were made along the center-
line of this nozzle. 
Phase 2 
The uniformity of the centerline velocity profiles of nozzles 
five, six and seven was rechecked after installing the integration fair-
ings on the multiple orifice nozzle block. This evaluation was con-
ducted at x/d = 15.3 for Re, = 53,400 (nominal). These profiles are 
shown in Figure 25. Excellent agreement exists for the profiles of noz-
zles five and six. The profile of nozzle seven differs by less than 2% 
in the wall layer, by 1.2% at the jet peak and by less than 2.3%, in the 
region of 69« The repeatability of these profiles was excellent. 
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It is concluded from these surveys that the placement of the 
integration fairings did not affect the flow uniformity established in 
Phase 1, even though the velocity profiles showed somewhat different 
shapes in the two phases. Subsequent downstream measurements were made 
along, and laterally about, the vertical centerline of nozzle six. 
Phase 3 
Surveys of both the mainstream wall boundary layer and the main-
stream flow outside the boundary layer were made to evaluate the uniform-
ity of the mainstream flow. These surveys were made in the plane of the 
upstream reference station. 
The results of the dynamic pressure survey of the flow outside 
the boundary layer are shown in Figure 26. These results show that the 
dynamic pressure varies by less than ± 1.4% from the mean. The corres-
ponding velocity variations are less than ± 0.77o. Additional confidence 
in the flow quality is provided by the fact that the typical spanwise 
velocity differences that could generate three-dimensional flow effects 
are less than 0.25% of the mean. Also, excellent repeatability was noted. 
Velocity profiles in the mainstream boundary layer at the reference 
plane were determined at 24 spanwise locations about the test bed cen-
terline. The span covered was 12 inches. The profiles at the test bed 
centerline and 5.5 inches either side of this location are shown in 
Figure 27. Although excellent agreement was obtained at these stations, 
profiles at other spanwise locations disagreed. To facilitate evalua-
tion of the possible effects of these differences, the momentum thick-
ness of each profile was computed numerically using the conventional 
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d e f i n i t i o n ; t h a t i s 
6 / \ 
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The distribution of momentum thicknesses is shown in Figure 28. The 
values of 0 vary by ± 15% about the simple mean, with a standard devia-
tion of approximately 87,. These variations are, in part, due to the 
small magnitude of momentum thickness which exists at the reference 
plane. To assess the overall mean value of 6 , an integrated mean mo-
mentum thickness can be defined by the following equation: 
i f2 
'l.H.o<V«2>=v=7JB> 
e dz . 
o 
The value of 9 (0,6) = 0.0458 inch differs by only 0.2% from the 
"o 
value 0 (-6,0) = 0.0457 inch. Thus, though there are local varia-
"o 
tions in the small values of momentum thickness, the mean integrated 
values over the regions to the left and right of the span centerline 
show excellent agreement. 
It is concluded from these studies of the mainstream that the flow 
is acceptably two-dimensional at the reference station. 
An investigation of the flow uniformity was also conducted at 
x/d = 12.2 for a velocity ratio, u./u , of two. Velocity profiles were 
J eo 
determined at 39 spanwise locations about the test bed centerline. The 
span covered was approximately 11 inches. These combined flow profiles 
reflect changes from mainstream boundary layer profiles and jet-only 
profiles both due to passage of the mainstream flow over the integrated 
nozzle block, and the interaction of the two flow fields. The profiles 
for the jet centerline surveys of the five centrally located nozzles are 
shown in Figure 29. The profiles exhibit approximately 5% maximum dis-
agreement in the wall layer, 2.5% difference at the jet peak, and a max-
imum of 1.5% difference in the jet layer at 6~. 
Again, to obtain a more realistic, integrated comparison of the 
numerous velocity profiles, the momentum thickness, G, at each location 
was computed. The previous definition of 9 was used, with the upper 
limit corresponding to the value of y for which u = .99 u . These thick-
nesses are displayed in Figure 30. The values near the jet centerlines 
are negative, which is characteristic of wall jets, and imply an excess 
of momentum flux with respect to the freestream. The values for the lo-
cations between the nozzles are positive. Their magnitude depends on 
the local influence of the jet. 
Integrated mean momentum thicknesses, GT ., were computed for 
b ' I.M. 
various distances over the 11 inch span using the previous definition, 
and the results are displayed in Figure 31. For reference, values of the 
integrated mean thicknesses for comparable spans at the upstream refer-
ence plane are listed in parentheses below the cited values. 
The two thickness values for the 5.454 inches to the right and 
left of the test bed centerline, 0 (0,5.454) and 9, M (-5.454,0), 
respectively, indicate considerable differences. However, these differ-
ences are magnified by the extremely low values of 9 under consider-
ation. This is demonstrated by comparing the difference, AG = 
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A „ (-5.454,0) - QT „ (0,5.454) = .0043 to the ideal case of no ramp I.M. I.M. r 
or nozzle losses. This ideal case provides a baseline performance value 
against which actual lateral variations can be more exactly assessed. 
In the ideal case the momentum thickness at the nozzle exit is given by 
p . u . - u ._. 
e. =-J—L Ti - - O h . 
J p u L u J eq e e 
For these test conditions, 8. = -0.105 inch. Thus, A6-r *, is only 4.1% 
' j I.M. 
of 0., which reveals the small magnitude of the difference and the ac-
ceptable symmetry of the results about the test bed centerline. 
The three thickness values for symmetrical regions about the 
centerlines of nozzles five, six and seven also show differences, but 
the variations are within those cited above. 
The four values of the integrated momentum thickness for spans 
demarcated by the centerlines of the considered nozzles revealed three 
regions of comparable 9y M along with one larger value. Again, com-
parison with 8. shows only an 8.17o maximum difference. 
In total these results reveal differing amounts of change in the 
mainstream flow in its passage over the nozzle fairings and its inter-
action with the jets. However, as discussed above, these differences 
are small in comparison with the ideal performance baseline. In addi-
tion, the region downstream of nozzle seven, bounded by the centerlines 
of nozzles six and eight, have comparable 9T M values for regions which 
are symmetrical about the nozzle centerline. Also, these values of 
8, M are comparable both with the value for this entire 5.454 inch span 
and also with that for the 2.727 inch span across the nozzle centerline. 
Thus, it is concluded that the passage of the mainstream flow over the 
nozzle and its interaction with the jet flows are comparable for the re-
gions delimited by the centerlines of nozzles six, seven and eight. 
Therefore, subsequent results for Phase 3 are from measurements made on 
and about the vertical centerline of nozzle seven. 
Results 
Typical results for the multiple orifice wall jet investigations 
conducted in the present work are included in the following paragraphs. 
The results consist of (1) specific flow development characteristics, 
such as jet spreading and velocity decay, (2) velocity profile similar-
ity, (3) iso-velocity contours, (4) integrated velocity profiles, (5) 
skin friction and friction coefficient laws, and (6) "law of the wall" 
values for this 3-D wall jet flow. Where possible, these results are 
compared with the findings of other investigators. 
Wall Jet Growth 
One measure of the growth of wall jets is given by the increase 
of the half velocity height, 6o, downstream of the jet exit. The pres-
ent data indicate that, in the absence of an external stream, the growth 
of 6- for both the basic and integrated multiple orifice configurations 
is characterized by two regions. The first is a region of near-linear 
growth during which the jet apparently spreads over the surface due to 
confinement by the wall and the pressure gradients between the parallel 
jets. Merging of the individual jets is essentially completed in this 
region. The second region is also one of near-linear growth, but at a 
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higher rate which corresponds very nearly to that for the 2-D wall jet. 
In some cases, there appears to be a detectable zone of transition be-
tween these two regions, but its boundaries are not precisely defined by 
the present data. During the initial portion of the second region, 
confined lateral spreading continues as a result of turbulent mixing. 
In the final portion of this region lateral mixing is completed, and the 
jet develops as a 2-D wall jet with only vertical spreading. These 
growth data reveal very good agreement with 2-D wall jet results through-
out the second region. 
The two rates of growth of 69 are illustrated for the basic mul-
tiple orifice configuration in Figure 32; solid lines through the data 
are used to emphasize these growth rates. These results, which were 
extracted from vertical velocity profiles at the indicated stations, are 
depicted for two values of jet Reynolds number. Limited horizontal sur-
veys were taken at a height y = 6, (Figure 18) above the wall in order 
to locate the lateral edges of the individual jets (P = 0). Using this 
technique it was determined that lateral merging of the jets had occurred 
by station x/h = 121. Downstream of this station the growth rate 
^ ' eq 
undergoes a transition to a rate closely comparable to that of a 2-D 
wall jet, which is represented by the results of Neale [13J. The lower 
initial rate of growth is attributable to the rapid lateral spreading of 
the individual jets. 
In comparison with the circular free jet, the circular wall jet 
exhibits an initial region of comparable growth followed by a region of 
slower growth. This latter behavior is comparable to that of the 2-D 
wall jet which exhibits less rapid spreading than the 2-D free jet due 
to the suppression of turbulence by the wall. These comparisons are 
illustrated by the axially symmetric free jet results of Trupel and the 
2-D free jet results, of Forthmann, both of which were compiled by Abram-
ovich [29]. (The axially symmetric results were converted for the pres-
ent comparison using the ratio r /h , where r is the jet radius.) At 
the jet exit the 2-D and 3-D results are separated by the difference 
between their physical heights. 
The growth in 60 for the multiple orifice configuration displays 
the same Reynolds number trend that is evident in 2-D wall jet results 
[l3,30,3l]. Specifically, an increase in jet Reynolds number results 
in a decrease in the growth of the half velocity height. However, a 
significantly more dependent relationship is demonstrated by the circular 
wall jet than by the 2-D wall jet. For example, doubling the jet Rey-
nolds number for the circular configuration reduces the growth rate in 
the initial region by approximately one half, while the same increase 
for the 2-D configuration reduces the growth rate by approximately five 
percent. The cause of this vast difference in behavior is not evident, 
and further testing over a wider range of Reynolds numbers is needed. 
The half-velocity heights for the basic and integrated multiple 
orifice configurations are contrasted in Figure 33. The growth for the 
integrated nozzles also exhibits two linear regions. However, in the 
region near the jet, this configuration produces a slower vertical growth 
rate than the basic configuration. This behavior is attributed to in-
creased lateral dispersion of the jet which results from spreading of 
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the flow over the edges of the between-nozzle ramps. This increased 
lateral spreading reduces the vertical growth. Yet, near station 
x/h = 300, both configurations exhibit the same vertical heights and 
eq 
closely comparable growth rates. Downstream of station x/h = 166, 
the integrated configuration displays a linear growth rate very compar-
able to the 2-D wall jet, as represented by the results of Neale [13]. 
This implies that the jet merger is completed, and the jet is developing 
as a 2-D wall jet. The axially symmetric and plane free jet results 
from Abramovich [29] are also included in Figure 33; the integrated wall 
jet configuration exhibits the same performance with respect to these 
free jet results as was indicated for the basic wall jet above. 
The jet growth for the integrated configuration is repeated in 
Figure 34 along with the single, circular nozzle, wall jet results of 
Newman, et al. [2l] and Naib [l9]. Both the present results and those 
of Naib exhibit two regions of linear growth. The results for the inte-
grated configuration indicate that the angle of divergence of 6-«/d (i.e., 
d6„/dx) is 1.7 for x/d < 21, while downstream of this station, the di-
o 
vergence angle is 4.3 . The results of Naib are similar, showing a di-
O / O 
vergence angle of 2.3 for x/d < 27 and 3.5 downstream of that point. 
The greater divergence angle for the multiple circular jet is attribut-
able to lateral confinement of the jet by adjacent jets. In contrast, 
Newman, et al. report a growth rate which is characterized by a single 
o 
linear curve having a divergence angle of 2.8 . The reason for this 
difference is not apparent. The two regions of growth for the axisym-
metric free jet from Abramovich [29] are also included in the figure. 
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While the initial region exhibits growth which is closely comparable to 
the multiple orifice results, the divergence in the downstream region 
(5.5 ) is greater than the wall jet due to greater turbulent mixing in 
the free jet and the lack of axisymmetric spreading in the wall jet. 
The addition of an external stream to the jet flows of the inte-
grated nozzle configuration (Phase 3) resulted in a decreased rate of 
growth of the half velocity. Figure 35 illustrates this growth for a 
velocity ratio (jet velocity to external velocity) of two, contrasted 
with previous results from Phase 2, at a velocity ratio of infinity. 
The data show the same effect of velocity ratio that is evident not only 
for 2-D wall jets, but for 2-D and axisymmetric free jets as well. 
Specifically, a decrease in velocity ratio results in a decrease in the 
rate of growth of 6o« Velocity surveys made at several downstream off-
centerline locations revealed that the same is true for jet lateral 
growth; for the velocity ratio of two, the individual jet flows did not 
spread sufficiently to merge. The growth of &„ for axisymmetric free 
jets at a velocity ratio of infinity is represented by the data of Trum-
pel, while the results for the same configuration at a velocity ratio of 
approximately two are from the data of Landis and Shapiro; both results 
are compiled by Abramovich [29]. As discussed previously for both the 
circular and 2-D configurations, the wall jet growth for infinite ve-
locity ratio is less than that for the free jet because of jet spreading 
and the subsequent suppression of mixing due to the wall. However, for 
the velocity ratio of two, the integrated circular wall jet growth rate 
is very nearly the same as for the free jet. As was mentioned above and 
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as will be demonstrated in a subsequent section, the multiple circular 
jets did not merge and, in fact, the initial spreading was almost com-
pletely eliminated. For the plane jets at a velocity ratio of two, it 
is noted that the growth for the wall jet, as represented by the results 
of Neale [13], is also closely comparable to that of the plane free jet, 
as presented by the data of Weinstein, Osterle and Forstall [32]. Thus, 
it appears that the vertical spreading rate for a velocity ratio of two 
for both the multiple circular and 2-D wall jets is very close to those 
for an axisymmetric free jet and plane free jet, respectively. 
The growth of the multiple circular orifice wall jet has been 
detailed by the discussion and data of this section; in summary, the re-
sults indicate a strong dependence on jet Reynolds number and jet-to-
freestream velocity ratio. For a velocity ratio of infinity, the circu-
lar wall jets, like a circular free jet, exhibit two linear regions of 
growth of half velocity height. The growth in the initial region is 
slower than that of a comparable 2-D wall jet, due to the rapid lateral 
spreading of the individual jets. However, following merger and lateral 
mixing of the individual streams, the jet flow develops as a 2-D wall 
jet. The growth rate for the circular wall jets is much more strongly 
dependent on jet Reynolds number than the 2-D wall jet, and further test 
ing is warranted to explore the significant decrease in growth that re-
sults from increases in jet Reynolds number. Introducing between-nozzle 
fairings for the integrated configuration produces a slight decrease in 
initial growth; however, two linear regions of 69 growth are again dis-
played, the second region matching that of the basic configuration in 
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both extent and rate of growth. These two linear growth regions confirm 
the finding by Naib [l9] of similar regions for the single circular wall 
jet; yet the multiple orifice unit exhibits more rapid growth, due to the 
lateral confinement of individual jets by adjacent ones. Testing of the 
integrated circular wall jets at velocity ratios of two and infinity pro-
vides growth data at practical bounds for analytical treatment of this 
three-dimensional wall jet. The decrease in growth of 69 which results 
from a decrease in velocity ratio is consistent with the behavior of 2-D 
wall jets, as well as of 2-D and axisymmetric free jets. Surprisingly, 
the growth rate for the integrated configuration closely matches that 
for the axisymmetric free jet at a velocity ratio of two. 
Wall Jet Velocity Decay 
The persistence of a wall jet is an important characteristic for 
determining its potential applications. One measure of the persistence 
is provided by the decay of the peak centerline velocity, u1, downstream 
of the jet exit. This section provides documentation of the decay char-
acteristics of the multiple circular orifice wall jet, and compares its 
performance with other jet configurations. In general, these results 
reveal that the decay rate of the basic multiple orifice configuration 
is reduced by an increase in jet Reynolds number. Closely comparable 
decay characteristics are exhibited by the integrated multiple orifice 
configuration. The multiple orifice decay results are very similar in 
the initial spreading region to those for single circular orifice wall 
jets; however, further downstream, the multiple orifice decay rate is 
significantly less due to the merger, and hence, the confinement of the 
individual jets. The addition of an external stream significantly re-
duces the decay of the centerline velocity due to the reduced spreading 
of the jet into the coflowing stream. These results are discussed further 
in the following paragraphs. 
The decay of the peak centerline velocity for the basic multiple 
orifice configuration is displayed in Figure 36. These results, which 
are depicted for two values of jet Reynolds number, show that an increase 
in Re results in a decrease in the decay of u,. This is the same trend 
s J 1 
exhibited by two-dimensional (2-D) wall jets [l3,30,3l]. This behavior 
results because an increase in Re produces a decrease in the ratio of 
s v 
the wall shear stress to momentum flux; this decreases the amount of jet 
momentum which must be transferred to the wall layer and increases the 
persistence of the wall jet. 
The effect on velocity decay of converting the basic multiple 
orifice wall jet to the integrated configuration is shown in Figure 37. 
The interaction of the individual jets with the between-nozzle fairings 
results in a slight increase in jet decay in the region near the jet 
exit. However, the difference in decay decreases with downstream dis-
tance until the values of un/u. are closely comparable at x/h = 283 
V j J f ' eq 
(x/d = 35.7). Als o included in the figure are decay data for comparable 
test conditions on a 2-D wall jet, as reported by Neale [13]. Due to 
the greater length of the jet core of the axisymmetric nozzles, this 
configuration exhibits a velocity decay which is initially less than the 
2-D wall jet. However, downstream of x/h = 200, the decay rate be-
eq 
comes greater than the trend exhibited by the 2-D wall jet data. 
Figure 37 also displays centerline velocity decay results for the 
axisymmetric and 2-D free jets; these results are from Abramovich's com-
pilation [29] of the axisymmetric jet experiments of Albertson, et al. 
and from the plane jet results of Knystantas [l8J. In both cases, the 
free jets exhibit more rapid decay than their corresponding wall jet 
configurations, with the 2-D jets showing the most significant differ-
ences. The superior persistence of the wall jets is attributable to 
their confinement by the wall, to the suppression of turbulence by the 
wall, and hence reduced mixing in the outer layer, and also to the lower 
shear stresses at the wall compared with those in the free shear layer 
of the free jet configurations, as shown in the results of Liaw [33]. 
The jet decay results for the integrated configuration are re-
peated in Figure 38 to compare the current multiple orifice results with 
the single orifice wall jet data of Newman, et al. [2l], Naib [l9], and 
Chesters, et al. [22]. The axially symmetric free jet results of Al-
bertson are also repeated as a reference line. The initial decay rates 
of the present results are very similar to those of Naib and Newman, et 
al. The results of Chesters, et al. show a stronger initial persistence 
than the other results, which is probably due to lower nozzle losses. 
However, further downstream all single orifice decay rates are greater 
than that of the present multiple orifice configuration. 
In Figure 39, these decay results are emphasized using a log-log 
plot; in addition, the multiple orifice wall jet results of Chesters, et 
al. [22] are presented. Although this plotting format emphasizes the 
variation in the initial decay rates, which is attributable to differ-
ences in the individual jet velocity profiles and nozzle wall boundary 
layer thicknesses, the slopes of the decay curves are closely comparable. 
Yet, downstream of approximately station x/d = 35 both multiple orifice 
cases display a marked reduction in decay rate. These results are em-
phasized by the solid lines, while the slope of the single orifice re-
sults is represented by the dashed line. The decrease in the decay rate 
for the multiple jet configuration is ascribed to the merger of the in-
dividual jet streams, with a consequent reduction in the lateral spread-
ing of the jets. The downstream travel of the jets before merger of the 
individual plumes is expected to be strongly influenced by the jet spac-
ing-to-diameter ratio, s/d, as is the case for multiple free jets [l8]. 
The value of s/d for both the present investigation and for that of 
Chesters, et al. is approximately six. 
Figure 40 shows the effect of an external stream on the decay of 
the jet peak centerline velocity. Exhausting the jets in an external 
stream at a jet-to-freestream velocity ratio, u./u , of two results in 
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a significant reduction of the decay. This decreased decay is the re-
sult of the reduced spreading of the jet into the coflowing stream. 
Also shown on the figure are comparable results from the two-dimensional 
(2-D) wall jet investigation of Neale. The greater jet core length of 
the axisymmetric nozzles produces a velocity decay which is initially 
less than that of the 2-D wall jet. However, due to the rapid lateral 
spreading of the circular jets, this difference is diminished downstream. 
Figure 41 emphasizes the persistence of the jet centerline velo-
city for the present three-dimensional (3-D) wall jet configuration 
compared to that for the 2-D wall jet. At a given downstream location, 
the difference u,-u , as a fraction of the initial difference, u.-u , is 
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a measure of the excess energy remaining in the jet. Over the range of 
x/h = 97 to x/h = 194, these results show that the ratio of these 
' eq ' eq 
velocity differences is typically 25-30% greater for the 3-D wall jet. 
This superior persistence of the centerline velocity of the 3-D configu-
ration is an important consideration in selecting a wall jet scheme for 
boundary layer control on surfaces well downstream of the jet nozzle. 
Figure 41 also includes velocity decay data for the present 3-D 
configuration without internal nozzle losses (i.e., u1 = u. at x = 0). 
These corrected results are based on full recovery of the approximately 
8% nozzle internal velocity loss, which was described in the Flow Evalu-
ation section of this chapter. A nozzle which is optimized for perform-
ance in an actual BLC installation is expected to show decay performance 
that is somewhat better than the current data, but less than the ideal 
results. 
Figure 42 contains a comparison of the jet centerline velocity 
decay for wall jets and free jets. Like Figure 41, these results are 
referenced to the freestream velocity; however, the results are segre-
gated according to the two- or three-dimensional geometry of the jets. 
Figure 42a contains the Phase 2 and 3 results for the multiple circular 
orifice wall jet, while Figure 42b includes data at comparable flow con-
ditions from the 2-D wall jet investigation of Neale [13]. Included in 
each figure are corresponding results for axially symmetric and plane 
free jets. For the axially symmetric free jet, the results at a velocity 
ratio of approximately two are from the experiments of Landis and Sha-
piro, which are tabulated by Abramovich [29]. For the plane free jet, 
the velocity-ratio-of-two results are from the data of Weinstein, et al., 
as tabulated by Abramovich [29]. 
For an infinite velocity ratio, both the 2-D and 3-D wall jets 
decay less rapidly than the equivalent free jets. This slower decay 
rate is, in part, a result of the suppression of turbulence level in the 
outer layer due to the wall. This yields decreased mixing with the sur-
rounding fluid, and, in turn, decreased vertical growth of the jet bound-
aries (Figure 35) and reduced jet decay. This decreased decay is also 
the result of the lower values of shear stress at the wall, compared with 
those in the free shear layer of the free jet configuration [33]. The 
difference in decay rates between the free and wall jet configurations 
is smaller for the 3-D geometry, which is attributable to the increased 
lateral growth of the individual jets due to confinement by the wall. 
For both the 2-D and 3-D configurations, Figure 42 shows that the 
wall jet decay, expressed in terms of the ratio of u.. -u to u.-u is 
more rapid for a velocity ratio of two than was the case for an infinite 
velocity ratio. This behavior is the result of the wall shear stress 
becoming more predominant at lower values of velocity ratio. This causes 
a greater rate of decrease of the difference u,-u due to the momentum & 1 e 
transfer to the wall layer. By contrast, the 2-D and 3-D free jet re-
sults show less rapid decay at a velocity ratio of two than at an infi-
nite velocity ratio. This behavior reflects the absence of a boundary 
surface and the effect of the velocity difference, u1-u , on mixing with 
the free stream, as noted by Weinstein, Osterle and Forstall [32], 
The off-centerline decay of the multiple orifice jets is addressed 
in Figure 43. These results display the downstream development of the 
centerline maximum velocity, u.. , with that of the maximum velocity, 
u . ,, at a lateral station halfway between nozzle exits, z = 1.363 
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inches. This presentation shows the initial increase of u . ., due to 
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the lateral spreading of the individual jets, accompanied by the decay 
of u,. The merger of these values in the neighborhood of station x/d = 
35 signals the complete mixing of the individual jets and the establish-
ment of a two-dimensional wall jet flow. This merger location is the 
same as that noted in Figure 39 associated with the pronounced change in 
centerline velocity decay. 
The decay characteristics of the multiple orifice wall jet have 
been documented by the data, comparisons and discussion of this section. 
In summary, the decay behavior of the basic and integrated multiple ori-
fice configurations is closely comparable. The decay rate is a function 
of both the jet Reynolds number and the jet-to-freestream velocity ratio. 
Specifically, an increase in Re results in a significant decrease in 
o 
the decay of jet centerline velocity, while a decrease in u./u n a s t n e 
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same effect. Testing of the integrated circular wall jets at velocity 
ratios of two and infinity has provided decay data at extremely practi-
cal limits for the present analysis, as well as for future analytical 
treatments of this three-dimensional wall jet. 
In the initial spreading region, the multiple orifice decay re-
sults are very similar to those for single circular orifice wall jets. 
Further downstream, the multiple orifice decay rate decreases signifi-
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cantly due to the merger of the individual jets. The downstream travel 
of the jets before merger of the individual plumes is expected to be 
strongly influenced by the jet spacing-to-diameter ratio. It was also 
noted in the initial spreading region that the multiple orifice configu-
ration exhibits a velocity decay which is initially less than the two-
dimensional (2-D) wall jet, due to the greater core length of the axisym-
metric nozzles. However, due to the rapid lateral spreading of the 
circular jet, its decay rate becomes slightly greater than that of the 
plane wall iet downstream of station x/h = 200. 
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The addition of an external stream significantly reduces the 
decay of the centerline velocity due to the reduced growth of the jet 
into the coflowing stream. For a jet-to-freestream velocity ratio of 
two, the axisymmetric nozzles produce a velocity decay which is initially 
less than that of the 2-D wall jet. However, this advantage is dimin-
ished somewhat at downstream locations. 
All of these decay comparisons provide the designer with important 
considerations and guidelines for selecting a wall jet scheme for bound-
ary layer control. 
Wall Jet Velocity Profile Similarity 
The analysis and prediction of three-dimensional wall jet behavior 
will be greatly aided by the establishment of velocity profile similarity. 
This section presents the degree of similarity identified for the mul-
tiple circular orifice wall jet. In general, similarity of the vertical 
velocity profile is established, both for the jet centerline and off the 
centerline. This result is shown for the multiple orifice jets operated 
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both with and without a freestream velocity. Additionally, horizontal 
similarity is demonstrated for both the lateral peak velocity profiles 
and the lateral velocity profiles taken in planes y = constant (between 
y = § and y = § at z = 0). This result is also shown to be valid for 
the jets operated with or without a freestream velocity. Moreover, in 
each case good agreement is demonstrated with several different analyti-
cal profile descriptions, yielding good predictive tools for design and 
analysis of three-dimensional wall jets. 
Various length and velocity scales are used to characterize the 
vertical velocity profiles of wall jets. Figure 44 depicts those used 
for the wall jet operated without a freestream velocity, u./u = oo, 
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The length scale 6? is defined as the value of y at which u = u, / „ , 
where u1 is the peak profile velocity. The slope of the profile at 69 
determines another length scale 6., the jet layer length scale. Physi-
cally, 6. represents the thickness of linear jet layer velocity profile 
with the same values of u1 and u , and with a velocity gradient equal to 
the maximum velocity gradient. Variations of these definitions will 
also be used for characterizing the lateral velocity profiles; these will 
be defined later in this section. 
The centerline velocity profiles for the basic nozzle configura-
tion at u./u = oo are shown on a non-dimensional basis in Figure 45. 
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These results are presented for two streamwise stations (one before jet 
merger and one approximately at merger) and for two values of jet Rey-
nolds number. The plot reveals that the velocity profiles have a high 
degree of similarity. For comparison, Verhoff's analytical representa-
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tion [30] of the velocity profile for a two-dimensional wall jet at 
infinite velocity ratio is also included. Verhoff has matched this 
functional form with his own data, as well as with data from numerous 
other two-dimensional (2-D) investigations. In addition, Neale L13] 
has shown that this expression agrees well with his 2-D wall jet data. 
The present three-dimensional results are also in very good agreement 
with Verhoff's equation; therefore, its use in an approximate integral 
analysis is expected to yield good results. 
Comparable results for the integrated nozzle configuration are 
shown in Figure 46. These non-dimensionalized centerline velocity pro-
files are presented for five streamwise stations (two before jet merger 
and three after merger) for a single value of jet Reynolds number. With 
the exception of x/d = 15.3, these results also show that the velocity 
profiles are highly similar and agree well with Verhoff's analytical 
representation. The results at x/d = 15.3 are in the transition zone 
between the potential core region (close to the jet) and the fully de-
veloped region. 
The choice of an alternate length scale for normalizing the same 
data is shown in Figure 47. Normalization by the jet layer length scale 
also yields highly similar behavior for these centerline velocity pro-
files, except in the inner layer (near the wall) which, as is well known, 
involves multiple length scales. These data are compared with a numeri-
cal representation formulated by Liaw [33] using least square fitting of 
two-dimensional wall jet data. These data show good agreement with 
Liaw's formulation. 
Downstream of the jet starting region (x/d > 15.3), vertical 
velocity profiles at locations either side of the jet centerline are also 
similar. Figure 48 includes the non-dimensionalized velocity profiles 
for the centerline station and four lateral stations for a single stream-
wise position, x/d = 20.9. In each case the characteristic velocity is 
the local maximum velocity, u , while the characteristic dimension is 
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the local value of 6?« These results show a high degree of similarity 
and also compare very well with Verhoff's analytical representation. 
Figure 49 repeats the profile at the centerline location and adds the 
profiles at lateral stations halfway between the nozzle exits, for the 
same streamwise station, x/d = 20.9. These results also show both simi-
larity and good agreement with Verhoff's profile; by treating both posi-
tive and negative values of z/d, they also illustrate the general sym-
metry of the jet profile. 
These same data are replotted in Figure 50 with 6. as the charac-
teristic length scale. These results, which reveal somewhat greater 
data spread in this plotting format, are also compared with the formula-
tion of Liaw [33]. While showing good agreement with this analytical 
form near the jet outer edge and near y = 6̂ , these results do not agree 
as well near the maximum velocity region, particularly for the profiles 
at the mid-nozzle stations. The results also reveal multiple length 
scales near the wall. However, the results reveal that similarity does 
exist, and a more exact choice of 6. (based on least square fitting of 
the velocity profile data) should yield better agreement with Liaw's 
formulation. 
Figure 51 displays comparable velocity profile data at streamwise 
station x/d = 35.7. These results also demonstrate the similar nature 
of the vertical velocity profiles and the utility of Verhoff's analytical 
representation for their description. Comparison of these same results 
with the analytic form of Liaw in Figure 52 also confirms the similarity 
of these results, and indicates the potential value of this analytic 
description for treatment of downstream off-centerline locations. 
These demonstrations of similarity are extremely important because 
they allow a designer who is utilizing a similar wall jet configuration 
to predict the centerline velocity profiles downstream of the jet devel-
opment region. For example, for a given jet Reynolds number, one can 
enter the u../u. versus x/d curve (Figure 38) to extract, for a given 
downstream station, a value of u . One can also enter the 6?/d versus 
x/d curve (Figure 34) to obtain a corresponding value of 62« Then, 
since Verhoff's analytical form for 2-D wall jets gives an excellent 
prediction of circular wall jet vertical velocity profile shape, both 
for jet centerline and off-centerline locations, one can use this form 
to construct the u versus y centerline velocity profile. As noted ear-
lier, somewhat less precise prediction is provided by Liaw's analytical 
form at x/d = 20.9; however, good centerline and off-centerline profile 
prediction are provided at x/d = 35.7, and this analytical form could 
also be used. 
In order to treat lateral similarity of the multiple jets, it is 
necessary to examine further the symmetry of the velocity distribution 
about the geometrical jet centerline (z = 0). Figure 53 presents the 
lateral distribution of the peak velocities, u , at x/h = 20.9. It 
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is evident that the peak velocity distribution is not symmetrical about 
the geometric centerline, but instead, due to lateral drifting of the 
jet, is more nearly symmetrical about z = -0.093. A smooth curve through 
these results is the basis for defining the new centerline and a new peak 
centerline velocity, u.. . It is noted that in terms of the jet velocity, 
u., the definition of a new peak centerline velocity results in only a 
0.5% change in the value of u,/u,. Thus, the previous results for jet 
growth, decay and vertical similarity are not significantly affected by 
this redefinition of the centerline location and velocity. 
Figure 54 confirms the validity of this revised centerline 
(z = 0) by the close agreement of the peak velocity results for both 
positive and negative z locations. A faired curve also passes smoothly 
through these data illustrating the symmetry of the results. This plot 
also yields the values of A9 and A.. These characteristic lateral length 
scales are similar to those defined in the vertical direction; their 
basis of definition is shown in Figure 55. Now, having redefined the 
jet centerline to account for an experimental discrepancy, one can then 
examine the lateral velocity profiles for similarity. 
A non-dimensionalized lateral distribution of the local maximum 
velocities at x/d = 20.9 is shown in Figure 56. This figure, which uses 
the value of A0
 a s the characteristic length scale and un-u . as the 2 1 m m 
characteristic velocity, includes values either side of the jet center-
line, z - 0. An exponential profile which is widely used for describing 
free shear flows is also included. The present results show excellent 
agreement with this analytical form, except near the minimum value 
(where u -u . = 0 and |z I = 1.27 inches). 
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The choice of an alternate length scale and the same velocity 
scale is illustrated in Figure 57. This form of the previous result 
compares favorably with the analytical description formulated by Liaw 
[33] from least square fitting of two-dimensional wall jet data. This 
analytical form shows good agreement over the outer portion of the la-
teral profile, as well as in the vicinity of A~, but is less useful in 
the region of the maximum velocity. Also shown is an exponential func-
tion which is generally used for describing a two-dimensional wake. 
This form also shows good agreement over the outer and mid-portion of 
the profile, and offers a somewhat improved description in the region 
near the maximum velocity. For comparison, the exponential form used in 
the previous figure is also included by utilizing the value of A_/£.. 
Again, this form adequately describes the velocity profile everywhere 
except over the outer portion near the minimum value. 
In addition to the lateral profile similarity which exists for 
the maximum velocities, there also exists lateral similarity in planes, 
y = constant, located between y = 6̂  and y = 6~. This is illustrated 
in Figure 58, which includes both positive and negative values of z . 
Also shown is the analytical form presented by Liaw for characterizing 
two-dimensional wall jet profiles. Good agreement with this curve is 
displayed over the entire profile. 
In summary, both vertical and horizontal velocity profile simi-
larity have bean demonstrated for the Phase 2 test results. For both 
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the centerline and off-centerline vertical velocity profiles, not only 
was excellent profile similarity demonstrated, but also, good agreement 
with the analytical form of Verhoff was shown. Good agreement with 
Liaw's two-dimensional profile was also demonstrated for x/d = 35.7. 
Additionally, the lateral maximum velocity profile was shown to be in 
very good agreement with a free shear layer exponential profile. Lateral 
velocity profiles taken in planes y = constant between ->y = 6, and y = § 
were also shown to be similar, exhibiting close agreement with Liaw's 
analytical profile. 
The characteristic length and velocity scales used in treating 
the Phase 3 vertical velocity profile data (u./u = 2) are defined in 
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Figure 59. Because of the very thin upstream boundary layer, the velo-
city profiles exhibited no u . , and the definitions of 60 and 6. are 
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based on u, and u . 
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The normalized plot of the centerline velocity profiles for Phase 
3 is shown in Figure 60. The results display excellent similarity. The 
analytic function derived by Liaw for the two-dimensional wall jet data 
of Neale is also included; this form provides an excellent description 
of the current three-dimensional wall jet results. For comparison, an 
exponential function, which results from the constant eddy viscosity 
solution for a two-dimensional wake (with small differences between the 
free-stream velocity and the minimum velocity in the profile) , is also 
included. Like Liaw's form, this exponential form is matched to the data 
at the half-velocity height. While yielding only fair agreement in the 
outer portion of the profile, the exponential form also provides an 
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excellent description of the data from the region of the half-velocity 
height to the jet peak. 
Consideration of the vertical velocity profiles at off-centerline 
stations also reveals similarity. Figures 61 and 62 display normalized 
centerline and lateral station velocity profiles for two streamwise sta-
tions, at x/d = 12.2 and at x/d = 24.5. Both results exhibit excellent 
profile similarity. Again, the results are in very good agreement with 
Liaw's results from 2-D wall jets. 
The Phase 3 results, like those of Phase 2, reveal a slight drift-
ing of the jet centerline from the geometrical centerline. This behavior 
is illustrated in the lateral distribution of maximum velocities shown 
in Figure 63; the velocity distributions at both x/d = 12.2 and 24.5 
reveal this slight drift. As before, in order to make allowance for this 
experimental difficulty, a redefined jet centerline was selected, based 
on a faired curve through the data, for each of the downstream stations. 
This corrected centerline, z = 0, is identified by a dashed line for 
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both stations. Faired curves through the data are also shown for both 
downstream stations; these smooth curves through the results are the 
bases for defining a new peak centerline velocity, u.. . In terms of the 
jet velocity, u., the definition of a new peak centerline velocity re-
sults in less than a 27o change in the value of U-./U.. Thus, the previ-
ous results for jet growth, decay and vertical similarity are not sig-
nificantly affected by this redefinition of the centerline location and 
velocity. 
The validity of these revised centerlines is shown in Figures 64 
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and 65; close agreement of these peak velocity results is shown for both 
positive and negative z locations. A faired curve passes smoothly 
through the data of each x/d location illustrating the symmetry of the 
results. These plots also yield the value of A 9 at each location; this 
characteristic lateral length scale is defined in Figure 55. Once again, 
having redefined the jet centerline to account for an experimental dis-
crepancy, one can examine the lateral velocity profiles for similarity. 
Figure 66 displays a non-dimensionalized lateral distribution of 
the local maximum velocities at both x/d = 12.2 and 24.5. This figure, 
which uses A 9 as the normalizing length scale and the velocity difference, 
u,-u . as the characteristic velocity, includes both positive and nega-
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tive z values and displays good similarity. Also included in the fig-
ure is an exponential profile which is widely used for describing free 
shear flows and which shows good agreement with the present results, ex-
cept near the minimum velocity. It is expected that additional data in 
the region of interaction between the jet and the between-jet boundary 
layer would improve the definition of u . and the agreement in this 
region. 
In addition to the lateral profile similarity which exists for 
the maximum velocities, there also exists lateral similarity in planes 
y = constant located between values of y = &, and y = 69 at z = 0. Fig-
ure 67 displays the distribution of velocities in three planes of con-
stant height for downstream station x/d = 12.3. These distributions, 
which contain data for both positive and negative values of z , allow 
determination of the normalizing length, A9, for each value of y/d. 
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Figure 68 contains normalized plots of these velocity profiles. The 
results reveal good profile similarity for the three values of y/d. Also 
included is an exponential profile which is widely used for describing 
free shear flows. The present results show good agreement with this 
analytical form, except in approaching the region of the minimum value, 
Similar results for downstream station x/d = 24.5 are shown in 
Figures 69 and 70. Again, the results for three lateral velocity pro-
files at various constant heights (between y = 6-, and y = 6o at z = 0) 
reveal good similarity and very good agreement with the free shear expo-
nential form. 
In summary, both vertical and horizontal velocity profile simi-
larity has also been demonstrated for the Phase 3 test results. For both 
the centerline and off-centerline vertical velocity profiles, not only 
was profile similarity demonstrated, but also excellent agreement with 
the analytical form of Liaw was shown. Moreover, lateral peak velocity 
profiles and lateral velocity profiles taken in planes y = constant (be-
tween y = 6| and y = £>2 at z = 0) were shown to be similar for two down-
stream stations. In general, good agreement between these horizontal 
profiles and a free shear layer exponential profile was also shown. 
Wall Jet Iso-velocity Profiles 
Plots of constant velocity contours (i.e., iso-velocity profiles 
or isotachs) for the three-dimensional wall jet flow fields are presented 
in Figures 71, 72, 74 and 75 as an additional aid in visualizing and in-
terpreting the flow development. These four sets of data are the result 
of multiple vertical velocity surveys conducted at four downstream stations 
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with the integrated nozzle configuration. Two downstream locations are 
presented for jet flow only (Phase 2), and the other two are for a jet-
to-freestream velocity ratio of two (Phase 3). This synthesizing of the 
individual vertical velocity profiles provides both a representation of 
the flow at a given location, and also, for several locations, provides 
a format for showing the response of the jet to a given external condi-
tion. The plots specifically show contours of constant local-to-jet peak 
velocity ratio, u/u , in a plane normal to the jet flow looking upstream. 
The lateral and vertical distances are non-dimensionalized by the jet 
nozzle diameter. 
The iso-velocity contours in Figure 71 represent interpolated data 
from 14 vertical surveys at station x/d = 20.9. The lateral distances 
extend on both sides of the nozzle centerline to the line of symmetry 
between adjacent nozzles (i.e., z = ± 1.363 inches). The results reveal 
that the contours which are approximately circular at the jet exit, be-
come flattened ovals in shape, with the major axis oriented parallel to 
the wall; this feature was also reported by Newman, et al. [2l]. This 
is considered to be a result of jet spreading due to lateral pressure 
gradients created by flow entrainment in the confined space near the 
wall. The profiles also reveal the slight drift from the geometrical 
centerline, with the corrected centerline at approximately z/d = -0.209, 
or z = -0.093 inch. Also presented in Figure 71 are lines connecting 
the local values of 6, and 6?. These results reveal that though the jet 
profile is three-dimensional, the confined lateral spreading has pro-
duced approximately horizontal lines of 6, and 8?. The lateral mixing 
continues downstream of this station. 
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As shown in Figure 72, horizontal jet spreading and mixing is 
essentially completed at x/d =50. At this station, the wall jet flow 
is nearly two-dimensional. These results are obtained from data of 10 
vertical profiles over a horizontal and vertical distance twice that of 
the previous figure. The approximately horizontal contours of 6, and by 
are also shown. The completion of jet spreading and mixing is also il-
lustrated by the variation of 6~ with downstream distance, shown plotted 
using normalized coordinates in Figure 73. This figure, which displays 
the growth of the half-velocity height both on the jet centerline and 
on both sides of the nozzle centerline at the line of symmetry between 
adjacent nozzles, further confirms that an essentially two-dimensional 
flow exists downstream of station x/d = 50. 
The iso-velocity contours in Figure 74 are the result of interpo-
lated data from 15 vertical profiles surveyed at station x/d = 12.2 for 
a jet-to-freestream velocity ratio, u./u , of two. Also shown are the 
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lateral variations of 6, and 6~, along with the previously discussed 
slight drift from the geometric centerline. These results display con-
tours for both the wall jet flow and the wall boundary layer between jets 
The jet flow contours again show flattening near the wall in the wall 
layer and a slightly oval character due to spreading over the wall. The 
contours indicate that the influence of the jet extends laterally to the 
centerline between nozzles, as evidenced by the slopes of the contours, 
and approximately two nozzle diameters above the wall. 
Figure 75, which details the results of 15 vertical profiles at 
x/d = 24.5, shows similar limits on the vertical extent of jet influence; 
however, the lateral influence has increased, as shown by the slopes of 
the contours in this region. The extent of jet spreading into the wall 
layer is strongly controlled by the jet momentum excess, a factor which 
is discussed in the next section. 
This method of data treatment is a valuable aid in visualizing 
and interpreting the wall jet flow development. Synthesizing the indi-
vidual vertical velocity profiles provides both a representation of the 
flow at a given location, and, for several locations, provides a format 
for showing the response of the jet to a chosen external condition. 
The resulting representation is valuable for indicating flow development 
trends and flow regions requiring additional analysis. 
Wall Jet Integrated Velocity Profiles 
An additional means of synthesizing the velocity profile data is 
provided by integrals of the velocity data for a fixed streamwise posi-
tion. In contrast to the semi-quantitative results of the iso-velocity 
contours, profile integrals yield a quantitative measure of the averaged 
flow characteristics. This characterization of the wall jet flow is 
useful for assessing the three-dimensional development as well as pro-
viding a basis for comparing 3-D and 2-D wall jet results. The integral 
parameters computed for this approach are the displacement, momentum and 
energy thicknesses. They are applicable only for the data of Phase 3. 
For wall jets these characteristic thicknesses are generally negative, 
implying excesses of mass, momentum and mechanical energy flux with re-
spect to the freestream. A comparison of the rate of change of these 
characteristic thicknesses with corresponding 2-D results provides a 
relative measure of these BLC concepts. In addition, an evaluation of 
wall jet momentum deficit for constant pressure flow provides a measure 
of the frictional losses at the wall. 
Characteristic thicknesses at selected lateral stations for 
several downstream locations will be considered first. These thicknesses 
are defined as follows [34 J: 
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These integrals are evaluated numerically using Simpson's rule [28]. 
Figures 76, 77 and 78 display the distribution of 6 , 0 and 6 at down-
stream station x/d = 12.25. These results are from the vertical velocity 
profiles at 39 lateral stations located over an 11 inch span of the test 
section. The data format is the view depicted looking upstream. The 
"thickness profiles" show the characteristic negative values about the 
jet centerlines. In the regions between the nozzles, where a boundary 
layer exists and the jet has not yet penetrated, the thicknesses are 
positive. In general, the thickness profiles reveal good symmetry about 
the jet centerlines, although the slight lateral drift of the jet center-
line discussed previously is evident. 
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Further information about the flowfield is provided by area 
integrals of the velocity data for fixed streamwise planes. Again, the 
quantities determined are the characteristic thicknesses. However, in 
this case they are integrated mean values over a particular lateral span. 
Since these quantities depend on all the velocity data for a given 
streamwise plane, they provide an excellent means for synthesizing the 
numerous profile data. Just as iso-velocity contours, instead of a 
single profile, are necessary to characterize the 3-D flow, an area inte-
gration, rather than a single direction integration, is required to com-
pute these characteristic thicknesses. For this analysis, the integrated 
mean (I.M.) thicknesses are defined by 
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isi< 1 r n r 6 pu 
U— , ., — ' - • — 
I .M. Az v %. p u Ke e z , 0 1 
2 
1 - - ^ j dydz 
where the integration over z extends over the lateral span from z to 
z , and Az = z - z_. These forms of the thickness relations are de-
n n 1 
rived in Appendix D. The method of cubature is used for the numerical 
integrations [28]. 
The integrated mean values of the displacement, momentum and 
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energy thickness in the freestream flow at the reference station immedi-
ately upstream of the nozzles are 
6 ' >r - 0.0578 inch I .M. 
o 
9T ^ = 0.0458 inch I.M. 
o 
6*" = 0.0789 inch 
I .M. 
o 
These positive values reflect the boundary layer growth in the flow 
development section. These data are included as horizontal lines in 
Figures 76, 77 and 78. The much larger values of thicknesses between 
nozzles indicate both the considerable losses which occur over the 
nozzle ramps and the losses due to the action of wall skin friction on 
the flow. 
Figure 79 displays the distribution of the shape factor, H = 6 /d, 
as derived from the data of Figures 76 and 77. The shape factor for the 
freestream flow at the reference station is also shown. For comparison, 
it is noted that the data of Nikuradse, Gruschwitz and Kehl, as tabu-
lated by Schlicting [34], show that separation of a turbulent boundary 
layer with pressure gradient occurs for H « 1.8 - 2.4. The values of H 
for the between-nozzle stations reveal the increase from (6 /G)^ „ 
' I.M. 
o 
that results from the adverse pressure gradients due to flow over the 
ramps. By contrast, the low values of shape factor exhibited in the jet 
centerline regions imply excess momentum, which can be utilized for BLC. 
As discussed in the Flow Evaluation section of this chapter, the 
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nozzle flow centered at z = 2.727 inches was chosen for further analysis 
because of the good flow symmetry in this region. This symmetry is illuŝ  
trated by the values of the integrated mean momentum thickness at x/d = 
12.2 for several regions about this selected centerline. 
8T „ (0, 5.454) = 0.0055 inch I.M. 
6T .„ (0, 2.727) = 0.0051 inch I.M. 
6T „ (2.727, 5.454) = 0.0059 inch I.M. 
0T M (1.363, 4.090) = 0.0053 inch I.M. 
The good agreement of these values for regions about the selected cen-
terline (z = 2.727 inches) gave good confidence for further studies of 
the jet and freestream flow interactions in this region. 
•/<• VoV 
Figure 80 displays the distributions of 6 , 8 and 6 about the 
jet centerline, z = 2.727 inches, at the streamwise stations x/d = 12.2 
and 24.5. These results, which are from 15 vertical velocity profiles 
over a 2.73 inch span, illustrate the development of the thicknesses 
due to the mixing of the jet with the freestream boundary layer. The 
results on, and in the vicinity of, the jet centerline display an in-
crease in characteristic thickness with axial distance. This increase 
is due to the velocity decay which results from mixing of the jet with 
the boundary layer and freestream flow and from wall shear. By contrast, 
the values near the between-nozzles centerline reveal a decrease in 
characteristic thickness with axial distance due to energization of the 
boundary layer by the jet. The values of the integrated mean thicknesses 
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at the freestream reference station are also included in the figure to 
illustrate the increase in characteristic thicknesses which occurs due 
to passage of the freestream flow over the nozzle ramps and to wall 
shear. 
Further information on streamwise flow development is given in 
Table 4 which documents the change in displacement thickness, momentum 
thickness, energy thickness and shape factor for both the jet centerline, 
z = 2.727 inches, and the centerlines between nozzles, z = 1.363 inches 
and z = 4.090 inches. At the initial station, x/d = 8.198, the jet 
centerline thicknesses are relatively large negative values, indicative 
of the mass, momentum and energy excesses which exist, relative to the 
freestream. At the same streamwise location, the values at the between-
nozzle centerlines are relatively large positive values, indicative of 
the deficit in the wall boundary layer flow, relative to the freestream. 
The large increase in between-nozzle values over the values at the free-
stream reference (i.e., the ( ) T „, values) indicates a considerable 
' I .M. o 
loss over the between-nozzle ramps. At downstream stations, the center-
line values are increasing as a result of the jet spreading and mixing 
with the surrounding flow. Correspondingly, the excesses in mass, momen-
tum and mechanical energy have decreased. On the other hand, at the lo-
cations between the nozzles, the thicknesses generally decrease as the 
jet spreads, energizing the boundary layer and reducing the deficits. 
This tabulation also reveals that the wall jet has additional capacity 
for energization of the boundary layer downstream of the final station 
at x/d = 35.68. Additionally, the fact that the shape factor is decreas-
ing with downstream distance portends greater resistance of the between-
nozzle boundary layer to flow separation [34]. This trend is very im-
portant to the designer who wishes to use three-dimensional wall jets in 
a BLC application. 
The data of Figure 80 were used to calculate the area integrals 
(i.e., the 6T ,„ , 9T ,, , and 6T ,„ ) at x/d = 12.2 and 24.5. These re-I.M. I.M. I.M. 
suits are plotted in Figures 81, 82 and 83 in terms of the differences 
between characteristic thicknesses at a particular downstream station 
and the values at the free stream reference station; these differences 
are normalized by the equivalent slot height. This plotting format 
allows comparison both with different wall jet configurations, as exem-
plified by Neale's two-dimensional wall jet results, and with different 
freestream boundary layer thicknesses. Furthermore, in the ideal case 
of no ramp or nozzle losses, these normalized variables become simply 
V? vWf 
6. 8. 61 
-—•*- , -—"*- and r-^— at x = 0 inches, where 
h h h ' 
eq eq eq 
6. p. u. 
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n u L u J h p 
eq re e 
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Because these variables represent an idealized design, comparison of 
their values with the test values reveals the efficiency of an actual 
nozzle integration. The ideal values for the three-dimensional wall jet 
are shown as dashed lines in the three figures. 
Relative to the ideal values, the higher values of displacement, 
momentum and energy thicknesses at x/h = 97 demonstrate both the losses aj ' eq 
due to the present nozzle/ramp integration design, as well as the wall 
losses due to skin friction. The increase of momentum thickness due to 
mixing with the freestream boundary layer is also included. In fact, 
the loss of momentum across the ramp as indicated by the results in Fig-
ure 82 is approximately equivalent to one half of the momentum injected. 
Thus, additional research to seek more efficient integrated nozzle de-
signs is warranted. 
Figure 81 reveals the change in the normalized displacement thick-
ness for both the present jet configuration and the two-dimensional wall 
jet results of Neale. The data trends are emphasized with a solid line. 
The thickness value for the three-dimensional configuration unexpectedly 
decreases slightly, while it shows the expected increase for the two-
dimensional results. This latter behavior reflects the decay of the 
injected momentum due to wall friction and mixing with the lower-momentum 
freestream. The unexpected behavior of the three-dimensional result is 
explained by reference to Figure 80 and Table 4. First, the data of 
Figure 80 reveal that over the downstream distance of x/d = 12.2 to 
x/d = 24.5, significantly larger decreases of 9 and 6 occur on the jet 
•k 
centerline than is exhibited by 6 . The momentum thickness increases 
approximately 60%, and the energy thickness increases approximately 71%, 
9 7 
while the displacement thickness increases by only 45%. Interestingly, 
the relative mixing and decay of the two-dimensional jet over the same 
downstream distance is almost identical; 6 increases by 48%, 6 increases 
by 60%, and 6 increases by 67%, By contrast, the change in the char-
acteristic thicknesses over the lateral edges of the jet show greater 
percentage decreases of 6 than those exhibited by 0 and o . This trend 
is illustrated by the results for z = 1.363 inches, whereas 6 decreases 
by 9%, 6 and 6 ' decrease by 3% and 0.5%, respectively, over the same 
downstream distance. This trend is typical of the changes in thicknesses 
which occur over the lateral edges of the three-dimensional jet. The net 
effect of these contrasting behaviors is the decrease of integrated dis-
placement thickness over the indicated downstream distance, while the 
integrated momentum and energy thicknesses increase, as shown in Figures 
82 and 83. 
It is significant that the three-dimensional wall jet reveals an 
integrated momentum thickness increase which is less than for the two-
dimensional wall jet. This result is shown in Figure 82. Over the same 
downstream lengths, the momentum thickness of the three-dimensional wall 
jet increases approximately 21%, while the two-dimensional results reveal 
an approximately 38% increase. This is apparently an indication of the 
relatively smaller wall friction effect on the three-dimensional wall jet 
and indicates potentially superior jet persistence for this type of flow 
field. 
In summary, these results indicate that the three-dimensional wall 
jet seems to offer advantages over two-dimensional configurations, es-
pecially if the losses due to the integration of the nozzles can be 
eliminated or minimized by proper design. It is very important that 
such a design avoid flow separation over the between-nozzle ramps, 
though this is somewhat controllable by higher jet momentum. The behavior 
of the displacement and momentum thicknesses at between-nozzle and cen-
ter line locations is summarized in Figures 84 and 85. The mid-nozzle 
results reveal a very gradual decrease in value when referenced to the 
integrated mean values at the reference station. By contrast, the center-
line values reveal a rapid increase when similarly referenced. A larger 
value of between-nozzle loss could yield even more rapid increases of 
centerline displacement and momentum thickness, as the centerline momen-
tum would be consumed in controlling the between-nozzle deficit. 
An additional measure of the boundary layer control potential of 
the multiple orifice jets is shown in Figure 86, where the variation of 
between-nozzle momentum thickness for the present configuration is com-
pared with the momentum thickness variation for a turbulent boundary layer 
on a flat plate [34]. A one-seventh power velocity distribution is as-
sumed for the flat plate boundary layer. For this comparison, the two 
cases are matched at the data station, x = 3.64 inches. Again, the de-
creasing values of for the present configuration are the result of the 
energization of the freestream and between-nozzle boundary layers by the 
multiple jets, and the results confirm the BLC potential of this con-
figuration. 
Wall Jet Skin Friction 
Friction Coefficient. The wall jet skin friction coefficients, 
which were determined using a Preston-type probe, are shown in Figures 87 
99 
and 88. The probe used was previously calibrated by Neale [13] and 
compared with the results of Patel [25]. The friction coefficients are 
plotted versus the local Reynolds number based on the maximum velocity, 
u , and the wall layer thickness, 6 . Values are presented for the jet 
centerline location, z = 0 inches, and the centerlines between nozzles, 
z = 1.363 inches for various downstream stations. Figure 87 displays 
the results from the integrated nozzle configuration for jet flow only 
(i.e., Phase 2); Figure 88 contains the results from the same configura-
tion operated at a velocity ratio of two (i.e., Phase 3). 
The friction coefficients shown in Figure 87 compare well with 
the experimental, 2-D wall jet results of both Bradshaw and Gee [35] and 
Neale [13]. Both of these results were also obtained using Preston tubes. 
The values for both the jet centerline and the between-nozzle locations 
show good agreement with the previous results. 
In Figure 88 the values of friction coefficient for the Phase 3 
tests are compared with the experimental values of Neale at the same ve-
locity ratio, and with Coles' computation of Wieghardt's constant pressure 
boundary layer [36]. Along the jet centerline (z = 0), the value of the 
friction coefficient near the jet exit (x/h = 65) is very near the flat 
eq 
p l a t e boundary l a y e r v a l u e , r e f l e c t i n g the fac t t h a t the nea r -wa l l por -
t i o n of the j e t flow resembles a boundary l aye r i n some " s t a r t i n g r e g i o n . " 
In t h i s region the in f luence of the ou te r l aye r has not ye t pene t r a t ed 
through the j e t . Fur ther downstream, the in f luence of the ou te r l aye r i s 
f e l t by the wa l l l a y e r , and the values of the f r i c t i o n c o e f f i c i e n t i n -
crease r a p i d l y , showing good agreement with Nea le ' s two-dimensional wa l l 
j e t d a t a . This same t rend in f r i c t i o n c o e f f i c i e n t va lues was ev iden t in 
Nea le ' s d a t a , though more rap id t r a n s i t i o n t o the h ighe r values of f r i c -
t i o n c o e f f i c i e n t was demonstra ted; t h i s behavior was the r e s u l t of the 
smal le r nozzle h e i g h t , and, hence , more rap id e s t ab l i shmen t of t r u e w a l l -
j e t flow. These d i f f e r ences a re a l so ev iden t i n the law of the w a l l 
p l o t s to be d i scussed in the next s e c t i o n . 
Along the between-nozzle c e n t e r l i n e (z = 1.363 inches) the value 
of the f r i c t i o n c o e f f i c i e n t near the j e t e x i t (x/h = 65) i s a l so very 
eq 
near the f l a t p l a t e boundary l ayer v a l u e , but the values i n c r e a s e with 
downstream l o c a t i o n , r e f l e c t i n g the j e t ' s i n c r e a s i n g in f luence on t h i s 
region with downstream d i s t a n c e . However, the values never reach the 
h igher l e v e l s demonstrated along the l i n e z = 0 inches because of the 
weaker in f luence of the j e t in the o f f - c e n t e r l i n e l o c a t i o n s . Never the-
l e s s , a s i g n i f i c a n t in f luence of the j e t i s apparen t . 
H. Ludwieg and W. Til lman showed t h a t the wa l l shea r ing s t r e s s 
for a two-dimensional t u r b u l e n t boundary l aye r depends s t r o n g l y on the 
shape f ac to r H. Thei r r e s u l t s , which are t a b u l a t e d by S c h l i c h t i n g [ 3 4 ] , 
are w e l l approximated by the empi r i ca l formula 
\ = 0.123 x 1 0 - 6 7 8 H R e f i -
2 6 8 
puz e 
The present results along the between-nozzle centerline (z = 1.363 inches) 
have been compared with this empirical form in Figure 89. This compari-
son reveals that the measured friction coefficient is consistently lower 
than that predicted by the empirical result. It is concluded that the 
Ludwieg-Tillman formula based on shape factor has only limited applica-
bility to a three-dimensional wall jet, with the empirical form perhaps 
being used as an upper limit for estimating wall shear stress. 
In summary, the measurements of wall friction coefficients for a 
3-D wall jet operating without external flow reveal values which agree 
well with 2-D wall jet results. When operated with a freestream flow, 
the jet centerline measurements display agreement with the 2-D turbulent 
boundary layer results in the "starting region," and agree well with 2-D 
wall jet results downstream of this region. The between-nozzle measure-
ments display the same trend; however, the maximum values are lower than 
the jet centerline values due to the limited influence of the jet in this 
flow region. 
Law of the Wall. Semi-logarithmic plots of velocity profiles in 
the wall layer of the 3-D wall jet for the integrated configuration 
(Phase 2) at an infinite velocity ratio are presented in Figures 90 and 
91. The results from measurements along the jet centerline and along the 
mid-nozzle centerline are plotted in Figures 90 and 91, respectively. 
Both plots include the straight lines corresponding to Coles' "law of the 
wall" [36] and Neale's 2-D wall jet results [13]. In contrast with tur-
bulent boundary layer results, these wall jet data exhibit the usual be-
havior of falling below the linear law in the outer region of the wall 
layer, reflecting the influence of the jet layer. However, as expected, 
the data nearest the jet exit at x/h = 43 show little divergence from 
eq 
the linear equation since the wall and jet layers are in the initial 
stages of interaction (i.e., the wall layer is nearly a typical boundary 
layer). The data appear to agree better with Coles' "law of the wall" 
in the region around log (u y/v) = 2, where the linear law usually 
holds, than with Neale's linear equation. However, the differences are 
relatively small. 
Liaw [33] has recently shown that Neale's data for this region 
near the wall agree well with an analytical relationship based on the 
boundary layer equations, a modified mixing length formula and similar-
ity requirements. According to this formulation, the velocity profiles 
in the near-wall region depend upon the streamwise decay of the wall 
shear stress (or the friction velocity, u ). A comparison of two velo-
city profiles from the present data with the analytical predictions of 
Liaw is presented in Figure 92. The parameter ^ is a measure of the rate 
of streamwise decay of wall shear stress. The data for both x/h = 166 
eq 
and 396.5 exhibit linear regions from log (u y/v) = 1.6 to 2.25. Addi-
tionally, the values for x/h = 166 are lower than the theory of Liaw 
predicts, while a value slightly higher than predicted is exhibited for 
x/h = 396.5. However, the theory correctly predicts the trends and 
provides a valuable representation of the sublayer. This is important 
since an analytical expression for this layer when coupled with expres-
sions for the outer flow may be used to evaluate the wall shear stress 
[33]. 
Figures 93 and 94 display velocity profiles in the wall sublayer 
for the velocity ratio of two investigation (Phase 3). The results along 
the jet centerline (z = 0) are shown in Figure 93. The data display lin-
ear behavior for 30 < (uTy/v) < 500, and generally agree well with Coles' 
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linear form. However, the u/u result for x/h = 65 diverges above 
7 T eq 
Coles' law of the wall at large values of uTy/v; this behavior is typical 
of a wall boundary layer and illustrates that the outer shear layer has 
not yet merged with the wall layer. Further downstream, the results are 
typical of 2-D wall jet results, in which the wall layer is retarded by 
the outer jet layer. These results give excellent agreement with Coles' 
linear equation in the region around log1f) (u y/v) = 2. 
The results along the between-nozzle centerline (z = 1.363) are 
shown in Figure 94. These data exhibit a range of turbulent boundary 
layer behavior. As expected, for very low values of u y/v, the data 
fall below Coles' linear result, while at values above about 400, the 
typical trend of values greater than the linear description is observed. 
The values of X for each profile are indicated; their very low magnitudes 
show good agreement with Coles' result (X = 0) over the linear portion of 
the velocity profiles. Also, at large values of loglf) u y/v , the results 
reveal values of Coles' profile matching parameter, TT, that describe the 
downstream flow development. At x/h = 65 the outer profile has a TT 
eq 
value of 1.14 which Coles showed is indicative of a turbulent boundary 
layer subjected to a mild positive pressure gradient [36]. In this case, 
the positive pressure gradient is imposed on the freestream boundary 
layer by the between-nozzle fairings. The value of ~n decreases rapidly 
downstream due to constant pressure flow. However, the results display 
a pronounced effect due to the spreading influence of the jet. The value 
of TT of 0.22 at x/h = 283 is a good indicator of the jets' influence 
eq 
on the profile, since Coles showed a typical constant pressure boundary 
layer has a n of about 0.6 and a typical negative pressure gradient 
boundary layer has a rr value of about 0.2. Thus, these experimental 
values of TT for this 3-D wall jet show the development of the between-
nozzle boundary layer, and are consistent with the 6 /6 trends shown 
earlier. 
In summary, the wall sublayer velocity profiles for the 3-D wall 
jet show good agreement over the linear portion with Coles' empirical 
"law of the wall" result. The jet centerline results show typical wall 
boundary layer profiles at the near-jet station, illustrating no outer 
shear layer influence on the wall layer. Further downstream, the wall 
layer is retarded by the outer jet layer, and the typical wall jet pro-
file is demonstrated. The profiles for the between-nozzle centerline 
exhibit a typical range of turbulent boundary layer behavior. Coles' 
linear portion of the profile, and the outer layer's influence on down-
stream development are well described by Coles' profile matching param-
eter, TT. 
Table 1. Phase 1 Data Index 
(Appendix A) 
x/d x/h eq z 
•k 
Measurements 







53,400 5.A 43 0 X 194 
8.7 69 0 X 194 
15.3 121 0 X 194 
25. 198 0 X 194 
35.7 283 0 X 194 
106,800 5.4 43 0 X 194 
8.7 69 0 X 194 
15.3 121 0 X 194 
25. 198 0 X 194 
35.7 283 0 X 194 
" V " A,,, 













53,400 5.4 43 0 X X 206 
15.3 121 0 X X 206 
± 2.727 X 206 
20.9 166 0 X X 206 
- 0.062 X 206 
+ 0.125 X 206 
+ 0.250 X 206 
+ 0.500 X 207 
+ 0.750 X 207 
+ 1.000 X 207 
+ 1.363 X X 207 
30 238 0 X 207 
35.7 283 0 X X 208 
± 1.363 X X 208 
40 317 0 X 208 
50 396.5 0 X X 208 
- 0.062 X 208 
+ 0.125 X 208 
+ 0.500 X 208 
+ 1.363 X X 209 
+ 2.727 X 209 
60 476 0 X X 209 
+ 1.363 X X 209 
70 555 0 X X 209 
+ 1.363 X X 209 
"X" denotes measurements made. 
Table 3. Phase 3 Data Index (Appendix C) 





z Velocity Skin Summary 
Profile Friction Index 
0 X X 250 
± 1.363 X X 250 
0 X X 250 
± 0.125 X 250 
± 0.250 X 250 
± 0.312 X 250 
± 0.437 X 251 
± 0.500 X 251 
± 0.937 X 251 
± 1.363 X X 251 
0 X X 251 
± 1.363 X X 251 
0 X X 252 
± 0.125 X 252 
± 0.250 X 252 
± 0.312 X 252 
± 0.437 X 252 
+ 0.500 X 252 
± 0.937 X 253 
± 1.363 X X 253 
0 X X 253 











"x" denotes measurements made. 
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Wake Layer 
Figure 18. Wall Jet Velocity Profile Nomenclature 
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Figure 20. Phase 2 Composite Wall Jet Development for the 
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Figure 23. Jet Horizontal Velocity Profile at the Exit 
114 
.6 





Red = 53,400 
x/d =5.4 
U . /U = co Symbol 
0 
z Nozzle 
J % 0 6 
& 2.727 7 











I I I I I I I L 
40 80 120 160 200 240 
u , f t / s e c 





Red = 53,400 
x/d - 5.4 
U . / U = o o 
0 
Symbol z Nozz le 
0 o 6 
0 
O - 5.454 4 












J I I I I I L 
40 80 120 160 200 240 
u , f t / s e c 










U . /U = o o 




o - 5.454 
D 5.454 
A - 2.727 
o 2.727 
20 40 60 
ft 
80 100 120 
u, ft/sec 






Re J = 53 ,400 
Q 















.4 0 ° 
\ 
& - 2 - 7 2 7 




n i 1 1 1 1 1 i \ l V ^ l 1 1 1 
20 40 60 80 100 120 
u, ft/sec 
Figure 25. Phase 2 Downstream Flow Evaluation 
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NOTES: 
1. Numbers represent percentage deviation 
from mean dynamic pressure. 
2. View looking upstream at plane of 
reference station (Figure 8). 
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Figure 26. Phase 3 Mainstream Dynamic Pressure Survey 
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Figure 27. Phase 3 Mainstream Boundary Layer 
Evaluation 
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Figure 29. Phase 3 Downstream Flow Evaluation 
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Figure 30. Phase 3 Downstream Momentum Thicknesses 
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1. Values without parentheses are 
I.M. 
.t x/d = 12.2 over the indicated span. 
2. Values in parentheses are 6̂  w at the reference station over the indicated span 
I.M. 
3. View is looking upstream. 
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Figure 31. Phase 3 Downstream Integrated Momentum Thicknesses 
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Figure 32. Phase 1 Wall Jet Growth 
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CHAPTER V 
CONCLUSIONS 
An analysis of the data collected in this experimental program 
has led to the following major conclusions concerning wall jets produced 
from multiple, circular nozzles: 
1. For a jet-to-freestream velocity ratio of infinity, there are 
two well-definea regions of linear growth in the half-velocity 
height, 69. Rapid lateral spreading of the individual streams, 
leading to jet merger, occurs in the initial region of linear 
62 growth. This region of growth is strongly dependent upon 
the jet Reynolds number. A doubling of the Reynolds number 
results in approximately a 50% decrease in the growth rate. 
Two-dimensional wall jet behavior occurs in the final region 
of linear 6» growth. This 2-D flow is exhibited after ap-
proximately seven nozzle spacings downstream of the jet exit 
plane. 
2. The growth rate in 6 is strongly dependent upon the jet-to-
freestream velocity ratio. For a velocity ratio of two la-
teral spreading is small, and the growth rate is comparable 
with that for axisymmetric free jets. 
3. The decay in the maximum velocity for the basic (geometri-
cally simple) and integrated (incorporating aerodynamic fair-
ings between nozzles) multiple orifice configurations at a 
velocity ratio of infinity are comparable. In the initial 
region, which is dominated by lateral spreading, the decay 
rates agree well with those for a single circular orifice 
wall jet. Further downstream in the regions where the jets 
have merged, the decay rate decreases significantly. 
4. The centerline velocity decay is a weak function of the jet 
Reynolds number, but has a strong dependence on the jet-to-
freestream velocity ratio. For a velocity ratio of two the 
decay rate is small due to the low rate of spreading of the 
jet into the coflowing stream. 
5. The velocity profiles normal to the surface exhibit similarity 
and the similarity forms are in excellent agreement with those 
for 2-D wall jets. Furthermore, velocity profile similarity 
exists along lines parallel to the surface. These similar 
profiles compare well with analytical forms proposed in the 
literature. 
6. This investigation has shown that plots of constant velocity 
contours provide a qualitative means for visualizing and in-
terpreting the 3-D flow development. By contrast, calcula-
tion of area integrals of the velocity profile data yields a 
quantitative measure of the averaged flow characteristics. 
7. The momentum integral at x/d =35.7 for a jet-to-freestream 
velocity ratio of two indicates that excess momentum is avail-
able for BLC for a thin mainstream boundary layer. These 
190 
limited results also reveal that the mean displacement, 
momentum and energy thicknesses increase more slowly with 
downstream location for the 3-D wall jet than for a compar-
able 2-D configuration, 
8. The wall friction coefficients for the 3-D wall jet at a 
jet-to-freestream velocity ratio of infinity agree well with 
2-D wall jet results. For a velocity ratio of two the fric-
tion coefficients are comparable with 2-D turbulent boundary 
layer results in the initial potential core region. In the 
wall jet development region downstream of the potential core, 
the friction coefficients are comparable with 2-D wall jet 
results. 
9. The wall layer velocity profiles for the 3-D wall jet have a 
linear logarithmic region which matches Coles' empirical "law 




The results presented herein for wall jets produced from multiple 
nozzles are sufficiently promising to warrant additional studies. The 
following specific areas of investigation are recommended. 
1. Further testing should be conducted to evaluate and interpret 
the significant changes in vertical and horizontal growth 
rates that result from changes in the jet Reynolds number. 
2. Tests should be conducted to determine the effect of the 
nozzle diameter-to-spacing ratio on the decay and merging of 
the individual plumes. 
3. In this research the selection of jet-to-freestream velocity 
ratios of infinity and two was based on providing information 
at practical limits of BLC applications. Additional testing 
at intermediate velocity ratios is needed to aid in optimi-
zation of this wall jet scheme for BLC installations. 
4. Tests with various streamwise pressure gradients are needed 
to fully evaluate the potential of the 3-D wall jets for BLC. 
5. In this research significant flow losses were experienced due 
to the ramps between the nozzles. Additional development and 
optimization of the nozzle integration are needed. 
6. Other non-circular jet nozzles should be tested to determine 
if the jet geometry can be used to advantage in controlling 
the spreading and decay rates. Rectangular jets of varying 
height-to-width ratios are of primary interest. 
APPENDIX A 
PHASE 1 EXPERIMENTAL DATA 
x/d x/h z 
eq 
in . 
5.42 42.96 0 
8.69 68.91 0 
15.27 121.09 0 
24.98 198.09 0 
35.68 282.91 0 
5.42 42.96 0 
8.69 68.91 0 
15.27 121.09 0 
24.98 198.09 0 
35.68 282.91 0 
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Velocity Profile 
u . /u = co 
z = 0 Inches 
Red = 53,400 x/d = 8.69 
Y, in. u/u T, °F Y, in. u/u T, °F 
.004 .413 1 0 6 . 7 .214 .914 1 1 8 . 
.009 .529 109 .5 .234 . 938 118 .4 
.014 .564 1 1 0 . 3 .254 . 963 1 1 8 . 
.019 .584 110 .6 .274 . 9 8 1 1 1 8 . 3 
.024 .598 110 .5 .294 .994 118 .4 
.029 . 6 1 1 1 1 1 . 1 .314 1.000 1 1 7 . 5 
.034 . 621 1 1 0 . 5 .334 .987 1 1 5 . 8 
.039 .629 1 1 1 . 1 .354 .983 1 1 5 . 5 
.044 .636 1 1 2 . 1 .374 .967 1 1 4 . 3 
.049 .646 1 1 1 . 5 .394 .947 1 1 3 . 7 
.054 .654 111 .0 .414 .923 1 1 2 . 2 
.064 .666 112 .7 .434 .888 1 1 0 . 9 
.074 .681 112 .6 .454 .855 1 0 8 . 9 
.084 .695 1 1 3 . 3 .474 .819 1 0 7 . 7 
.094 .712 1 1 3 . 3 .514 .738 103 .9 
.104 .725 1 1 4 . 1 .554 .656 101 .2 
.114 .744 114 .6 .594 .578 9 7 . 9 
.124 .762 115 .2 .634 .496 9 4 . 2 
.134 .777 1 1 5 . 3 .674 .413 9 1 . 0 
.144 .794 115 .5 .714 . 351 8 7 . 4 
.154 .813 115 .6 .754 .282 8 5 . 3 
.174 .847 1 1 7 . 1 .794 .221 8 2 . 2 
.194 .88 1 1 7 . 3 .834 .165 7 9 . 7 
Velocity Profile 
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Re d = 5 3 , 4 0 0 x /d = 15 .27 
Y, i n . u / u T, °F Y, i n . u / u T, a F 
.004 .519 9 7 . 1 .274 .997 9 9 . 7 
.009 .698 9 8 . 7 .294 . 991 9 9 . 3 
.014 .749 9 8 . 9 .314 .980 9 8 . 3 
.019 .783 9 9 . 0 .334 .973 9 8 . 3 
.024 .795 9 9 . 3 .354 .962 9 8 . 1 
.029 .817 9 9 . 7 .374 .948 9 7 . 8 
.034 .827 9 9 . 8 .394 .931 9 7 . 1 
.039 .846 9 9 . 9 .414 .914 9 6 . 4 
.044 .854 9 9 . 8 .^34 .890 9 5 . 9 
.049 .864 9 9 . 9 .454 .885 9 5 . 3 
.054 .872 1 0 0 . 3 .474 .858 9 4 . 7 
.064 .892 1 0 1 . 1 .514 .820 9 3 . 8 
.074 .903 9 9 . 8 .554 .778 9 2 . 4 
.084 .914 100 .0 .594 .728 9 0 . 9 
.094 .927 100 .5 .634 .673 8 9 . 4 
.104 .928 1 0 0 . 3 .674 .619 8 8 . 2 
.114 .946 101 .0 .714 .567 8 6 . 5 
.124 .953 100 .7 .754 . 5 1 3 8 5 . 1 
.134 .960 1 0 0 . 1 .794 . 471 8 4 . 2 
.144 .964 100 .6 .834 .422 8 2 . 9 
.154 .970 1 0 0 . 7 .874 . 373 8 1 . 4 
.174 .987 100 .5 .914 .324 8 0 . 5 
.194 .988 9 9 . 9 .954 .279 7 9 . 5 
.214 .996 1 0 0 . 1 .994 .239 7 7 . 9 
.234 1.000 9 9 . 5 
.254 .995 100 .0 
Velocity Profile 
U . / U = 0 0 
J eo 
z = 0 Inches 
Red = 53 ,400 x / d = 24 .98 
Y, i n . u / u T, °F Y, i n . u / u T, °F 
.004 .514 8 9 . 1 .274 .977 8 8 . 7 
.007 .629 9 0 . 1 .294 .976 8 8 . 5 
.014 .792 89 .7 .314 .956 8 8 . 2 
.019 .825 9 0 . 0 .334 .944 8 8 . 0 
.024 .854 8 9 . 8 .354 . 9 4 1 8 8 . 1 
.029 .870 8 9 . 8 .394 .900 86 .9 
.034 .882 8 9 . 8 .434 .875 8 6 . 8 
.039 .89 7 89 .6 .474 .851 8 6 . 4 
.044 .904 8 9 . 7 .514 .825 8 6 . 0 
.049 .910 89 .5 .554 .789 8 5 . 5 
.054 .917 89 .5 .594 . 7 6 1 8 4 . 7 
.064 . 931 8 9 . 8 .634 . 7 3 1 8 4 . 3 
.074 .955 8 9 . 8 .674 . 693 8 3 . 7 
.084 .954 89 .6 .714 .670 8 3 . 4 
.094 . 971 89 .9 .754 .627 8 3 . 0 
.104 .972 8 9 . 5 .794 .605 8 2 . 3 
.114 . 981 8 9 . 6 .834 . 5 7 3 8 1 . 8 
.124 .987 8 9 . 8 .874 .540 8 1 . 2 
.134 .988 8 9 . 8 .914 .505 8 0 . 7 
.144 .991 8 9 . 3 .954 .466 79 .9 
.154 . 9 9 1 8 9 . 7 .994 .456 7 9 . 6 
.174 .994 8 9 . 5 1.034 .423 7 9 . 2 
.194 1.000 8 9 . 5 1.074 .400 7 8 . 5 
.214 .998 8 9 . 1 1.114 .372 7 8 . 3 
.234 .993 8 9 . 2 1.154 .339 77 .9 
.254 .986 88 .6 1.194 .324 7 7 . 3 
1.234 .305 7 6 . 8 
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V e l o c i t y P r o f i l e 
u . / u = co 
J e o 
z = 0 I n c h e s 
Red = 106 ,800 x / d = 5 .42 
Y, i n . u / u T, °F Y, i n . U / L ^ T, °F 
.004 .360 1 2 3 . 8 .174 .818 1 4 6 . 1 
.009 .431 1 2 6 . 1 .194 .869 1 4 8 . 4 
.014 .452 126 .9 .214 .916 1 5 1 . 3 
.019 .467 1 2 7 . 3 .234 .954 1 5 3 . 6 
.024 .477 1 2 8 . 1 .254 .982 1 5 5 . 2 
.029 .486 128 .6 .274 .996 156 .0 
.034 .494 128 .7 .294 1.000 156 .9 
.039 .502 1 2 9 . 3 .314 .996 1 5 5 . 5 
.044 .509 129 .7 .334 .987 1 5 4 . 1 
.049 .519 130 .2 .354 . 971 1 5 0 . 4 
.054 .526 130 .9 .374 .950 147 .6 
.064 .543 131 .9 .414 .868 1 3 9 . 0 
.074 .562 133 .2 .454 . 7 6 1 130 .6 
.084 . 581 1 3 4 . 5 .494 .633 1 2 2 . 3 
.094 .606 135 .5 .534 .502 114 .9 
.104 .629 136 .5 .574 .394 108 .0 
.114 .657 1 3 7 . 8 .614 .296 1 0 0 . 8 
.124 . 681 139 .2 .654 . 2 1 3 9 5 . 0 
.134 .709 1 4 0 . 8 .694 .130 8 9 . 4 
.154 .764 1 4 3 . 1 .734 . 063 8 5 . 4 
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Veloc i ty P r o f i l e 
U . / u = ca 
J e 
O 
z = 0 I n c h e s 
Re^ = 106 ,800 
d 
x / d = 2 4 . 9 8 
i n l / u x T, °F Y, i n . u/\xl T, 
.004 .615 1 0 1 . 7 
.009 .779 101 .7 
.014 .827 102 .0 
.019 .857 102 .0 
.024 .876 101 .7 
.029 .89 7 102 .0 
.034 .909 1 0 1 . 8 
.039 .920 1 0 1 . 8 
.044 . 931 102 .0 
.049 .936 101 .7 
.054 .949 1 0 2 . 1 
.064 . 961 102 .0 
.074 .971 1 0 2 . 1 
.084 . 981 102 .0 
.104 .988 101.9 
.154 1.000 101 .6 
.174 .996 101 .4 
.19 4 .993 1 0 1 . 3 
.214 .9 84 101 .0 
.234 .982 1 0 0 . 5 
.254 .967 100 .7 
.274 .955 1 0 0 . 5 
.294 .944 9 9 . 8 
.314 .934 9 9 . 5 
.334 .918 9 9 . 9 
.354 .899 9 9 . 1 
.394 . 871 9 8 . 3 
.434 .836 9 7 . 5 
.474 .804 9 6 . 9 
.514 . 761 9 6 . 3 
.554 .724 9 5 . 6 
.594 .689 9 5 . 1 
.634 .651 9 4 . 2 
.674 . 611 9 3 . 2 
.714 .577 9 2 . 7 
.754 .545 9 2 . 2 
.794 .514 9 1 . 6 
.834 .476 9 0 . 9 
.874 .445 9 0 . 3 
.914 .417 8 9 . 0 
.954 .385 8 8 . 3 
.994 .350 8 7 . 4 
1.034 .319 8 7 . 7 
1.074 .297 8 6 . 6 
1.114 .264 8 5 . 4 
1.154 .243 8 4 . 8 
1.194 .214 8 5 . 0 
1.234 .183 8 5 . 1 
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APPENDIX B 
PHASE 2 EXPERIMENTAL DATA 
Phase 2 Data Summary 
Initial Velocity Ratio = oo 
d = 0.444 Inch 









Ul T W 
lb/ft2 
* 3 
Cf x 10 Velocity 
Profile 
in. ft/sec aF ft/sec Index 
5.42 42.96 0 53,400 300.5 146.9 253.0 0.1219 1.862 210 
15.27 121.09 0 53,400 300.5 146.9 125.5 0.0949 5.586 211 
15.27 121.09 2.727 53,400 300.5 146.9 127.1 212 
15.27 121.09 - 2.727 53,400 300.5 146.9 125.7 213 
20.94 166.0 0 53,400 300.5 146.9 94.1 0.0621 6.489 214 
20.94 166.0 - 0.062 53,400 300.5 146.9 94.5 215 
20.94 166.0 0.125 53,400 300.5 146.9 91.0 216 
20.94 166.0 - 0.125 53,400 300.5 146.9 94.6 217 
20.94 166.0 0.250 53,400 300.5 146.9 87.5 — 218 
20.94 166.0 - 0.250 53,400 
V 
300.5 146.9 93.2 219 
* 
Based on fluid properties at 
O 
Phase 2 Data Summary 
Initial Velocity Ratio = co 
d = 0.444 Inch 















20 .94 166.0 0 .500 53,400 300 .5 146 .9 76 .0 
20 .94 166.0 - 0 .500 53,400 300 .5 146.9 8 5 . 2 
20 .94 166.0 0 .750 53 ,400 3 0 0 . 5 146.9 64 .7 
20 .94 166.0 - 0 .750 53,400 300 .5 146.9 73 .0 
20 .94 166.0 1.000 53 ,400 300 .5 146.9 56 .0 
2 0 . 9 4 166 .0 - 1.000 53 ,400 300 .5 146 .9 62 .6 
2 0 . 9 4 166.0 1.363 53,400 300 .5 146 .9 5 1 . 2 
2 0 . 9 4 166.0 - 1.363 53,400 300 .5 146 .9 50 .6 
2 9 . 9 8 237.7 0 53 ,400 3 0 0 . 5 146.9 65 .7 













Phase 2 Data Summary 
Initial Velocity Ratio = oo 
d = 0.444 Inch 











C X 10 Velocity 
Profile 
in . ft/sec aF ft/sec Index 
0 53,400 300.5 146.9 57.5 0.0244 6.732 229 
1.363 53,400 300.5 146.9 53.4 0,0205 6.607 230 
- 1.363 53,400 300.5 146.9 53.5 231 
0 53,400 300.5 146.9 52.8 — 232 
0 53,400 300.5 146.9 46.6 0.0147 6.205 233 
- 0.062 53,400 300.5 146.9 45.8 — 234 
0.125 53,400 300.5 146.9 45.9 235 
- 0.125 53,400 300.5 146.9 46.1 236 
0.500 53,400 300.5 146.9 46.0 237 
















Phase 2 Data Summary 
Initial Velocity Ratio = co 
d = 0.444 Inch 
h = 0.056 Inch 
eq 
x/d x/h 
• e q 
z R e a u . J 
T. 
J 
Ul T W 
lb/ft2 
* 3 
Cf X 10 
Velocity 
Profile 
in. ft/sec °F ft/sec Index 
50.01 396.5 1.363 53,400 300.5 146.9 45.7 0.0147 6.561 239 
50.01 396.5 - 1.363 53,400 300.5 146.9 46.3 240 
50.01 396.5 2.727 53,400 300.5 146.9 46.0 241 
50.01 396.5 - 2.727 53,400 300.5 146.9 46.5 242 
60.0 475.7 0 53,400 300.5 146.9 42.8 0.0118 5.876 243 
60.0 475.7 1.363 53,400 300.5 146.9 42.3 0.0119 6.092 244 
60.0 475.7 - 1.363 53,400 300.5 146.9 42.3 245 
70.0 555 0 53,400 300.5 146.9 39.5 0.0104 6.171 246 
70.0 555 1.363 53,400 300.5 146.9 38.6 0.0101 6.031 247 
70.0 555 - 1.363 53,400 
V 
300.5 146.9 39.0 248 
* 
Based on fluid properties at 
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U . /U = cc 
J e o 
z = 0 Inches 
Re , = 5 3 , 4 0 0 x / d = 15 .27 
d 
Y, i n . u / i ^ T, °F Y, i n . u/u ] , T, °F 
.015 .730 9 6 . 3 .275 .960 9 6 . 9 
.020 .782 9 7 . 4 .295 .953 9 6 . 6 
.025 .812 9 7 . 2 .315 .935 9 5 . 9 
.030 .836 9 7 . 3 .335 .907 9 5 . 3 
.035 .858 9 7 . 4 .355 .888 9 4 . 6 
.040 . 873 9 7 . 3 .375 .869 9 4 . 1 
.045 .886 9 7 . 2 .395 .849 9 3 . 3 
.050 .897 9 7 . 1 .415 .830 9 2 . 6 
.055 .904 9 6 . 9 .435 .807 9 1 . 7 
.065 .923 9 7 . 1 .455 .773 9 1 . 
.075 .936 9 7 . 1 .475 .754 9 0 . 3 
.085 .949 9 7 . 1 .515 .715 8 9 . 3 
.095 .959 9 7 . .555 .664 88 .0 
.105 .967 9 7 . .595 .617 8 6 . 7 
.115 .973 9 7 . 1 .635 .565 8 5 . 8 
.125 .979 9 7 . 3 .675 . 5 2 1 8 4 . 6 
.135 .987 9 7 . 4 .715 . 468 8 3 . 6 
.145 .993 9 7 . 4 .755 . 4 2 1 8 2 . 7 
.155 .993 9 7 . 7 .795 .384 8 1 . 8 
.175 1.000 9 7 . 5 .835 .336 8 1 . 2 
.195 .997 9 7 . 5 .875 .284 8 0 . 2 
.215 .989 9 7 . 7 .915 .250 7 9 . 8 
.235 .990 9 7 . 3 .955 .200 7 9 . 0 
.255 .979 9 7 . 1 .995 .160 7 8 . 2 
212 
Velocity Profile 
u . /u = cc 
z = 2.727 Inches 
Red = 53,400 x/d = 15.27 
Y, in. u/Ul T, °F Y, in. u/i^ T, °F 
.015 .750 9 7 . 4 .255 .975 9 9 . 0 
.020 . 781 9 9 . 7 .275 .959 9 8 . 6 
.025 .814 1 0 0 . 1 .295 .945 9 8 . 1 
.030 .835 1 0 0 . 3 .315 .930 9 8 . 0 
.035 .856 1 0 0 . 3 .335 . 9 1 1 9 7 . 4 
.040 .878 100 .6 .355 .896 9 7 . 0 
.045 .886 1 0 0 . 5 .375 .867 9 6 . 6 
.050 .895 100 .7 .395 .850 9 5 , 9 
.055 .912 100 .6 .415 . 8 3 1 9 5 . 4 
.065 .926 100 .6 .435 .803 9 5 . 0 
.075 . 941 1 0 0 . 8 .455 .785 9 4 . 7 
.085 .953 100 .9 .475 .756 9 4 . 1 
.095 .963 100 .9 .515 .705 9 3 . 3 
.105 .970 100 .7 .555 .666 9 1 . 9 
.115 .978 100 .7 .595 .607 9 1 . 0 
.125 .985 100 .7 .635 .561 8 9 . 6 
.135 .989 100 .6 .675 .503 8 8 . 8 
.145 . 991 100 .6 .715 .464 8 7 . 6 
.155 .994 100 .5 .755 .410 8 6 . 6 
.175 1.000 1 0 0 . 2 .795 .362 8 5 . 7 
.195 .997 9 9 . 9 .835 .316 8 4 . 5 
.215 .991 9 9 . 7 .875 .269 8 3 . 5 
.235 .986 9 9 . 4 
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Velocity Profile 
U . /u = Co 
J o 
z = 0 Inches 
Re, = 53,400 x/d = 20.94 
Q 
Y, in. u/u, T, °F Y, in. u/u, T, °F 
9 0 . 3 .230 .986 8 9 . 6 
9 0 . 6 .240 .975 8 9 . 7 
9 0 . 8 .260 . 965 8 9 . 2 
9 0 . 8 .280 .954 8 9 . 1 
9 0 . 9 .300 . 9 3 8 8 8 . 8 
9 0 . 8 .320 .915 8 8 . 6 
9 0 . 7 .340 .898 8 8 . 3 
9 1 . 0 .360 .888 8 8 . 1 
9 0 . 7 .400 .852 8 7 . 8 
9 0 . 6 .440 .816 8 7 . 0 
9 0 . 6 .480 .772 8 6 . 1 
9 0 . 5 .520 .719 8 5 . 5 
9 0 . 7 .560 .689 8 5 . 2 
9 0 . 5 .600 .653 8 4 . 5 
9 0 . 5 .640 . 613 8 4 . 0 
9 0 . 5 .680 .584 8 3 . 2 
9 0 . 4 .720 .533 8 2 . 7 
9 0 . 3 .760 .490 8 1 . 9 
9 0 . 2 .800 .464 8 1 . 3 
9 0 . 1 .840 .424 80 .9 
89 .9 .880 .389 8 0 . 3 
9 0 . 0 .920 .355 7 9 . 6 
89 .9 .960 .317 7 8 . 8 



















































U . /U = 0 0 
r e o 
z = - 0.062 Inch 
Re = 53,400 x/d = 20.94 
Y, in. u/ux T, °F Y, in. u/u T,
 aF 
.015 .759 9 3 . 0 .230 .983 9 2 . 1 
.020 .803 9 3 . 2 .240 .973 9 2 . 1 
.025 . 841 9 3 . 3 .260 .965 9 1 , 5 
.030 .865 9 3 . 4 .280 .948 9 1 . 4 
.035 .878 9 3 . 3 .300 . 9 4 1 9 1 . 1 
.040 .899 9 3 . 3 .320 .916 9 0 . 9 
.050 .924 9 3 . 5 .340 .907 9 0 . 7 
.060 .940 9 3 . 4 .360 .888 9 0 . 5 
.070 .954 9 3 . 2 .400 .857 9 0 . 1 
.080 .969 9 3 . 4 .440 .815 8 9 . 1 
.090 .979 9 3 . 4 .480 .772 8 8 . 7 
.100 .982 9 3 . 2 .520 .735 87 .7 
.110 .989 9 3 . 3 .560 .693 8 7 . 2 
.120 .993 9 3 . 3 .600 .660 8 6 . 9 
.130 .990 9 3 . 1 .640 .616 8 6 . 2 
.140 .991 9 3 . 0 .680 .576 8 5 . 7 
.150 .997 9 3 . 0 .720 .535 84 .9 
.160 .998 9 3 . 1 .760 .497 8 4 . 2 
.170 .994 9 2 . 9 .800 .469 8 3 . 7 
.180 .998 9 2 . 7 .840 .422 8 2 . 8 
.190 .995 9 2 . 6 .880 .395 8 2 . 4 
.200 1.000 9 2 . 4 .920 .367 8 1 . 7 
.210 .992 9 2 . 3 .960 .322 8 1 . 1 
.220 .986 9 2 . 1 1.000 .285 8 0 . 5 
Velocity Profile 
u . /u = co 
J 6o 
z = 0.125 Inch 
Re = 53,400 x/d = 20.94 
Y, in. u/u T, °F Y, in. u/u T, °F 
.015 .754 9 1 . 3 .230 .967 9 0 . 6 
.020 .810 9 1 . 7 .240 .958 9 0 . 5 
.025 .842 9 1 . 5 .260 .945 9 0 . 2 
.030 .870 9 1 . 8 .280 .934 9 0 . 0 
.035 .891 9 1 . 6 .300 .920 8 9 . 7 
.040 .900 9 1 . 5 .320 .89 8 8 9 . 5 
.050 .923 9 1 . 6 .340 .886 8 9 . 2 
.060 .940 9 1 . 6 .360 .873 8 8 . 7 
.070 . 961 9 1 . 9 .400 .833 8 8 . 3 
.080 .957 9 1 . 5 .440 .783 8 7 . 8 
.090 .975 9 1 . 5 .480 .752 86 .9 
.100 .980 9 1 . 6 .520 .702 8 6 . 3 
.110 .984 9 1 . 5 .560 .669 8 5 . 7 
.120 .986 9 1 . 6 .600 .629 8 5 . 1 
.130 .982 9 1 . 2 .640 .600 8 4 . 4 
.140 .988 9 1 . 4 .680 . 553 8 3 . 9 
.150 .986 9 1 . 3 .720 .520 8 3 . 2 
.160 1.000 9 1 . 2 .760 . 491 8 2 . 9 
.170 .988 9 1 . 4 .800 .436 8 2 . 0 
.180 .983 9 1 . 0 .840 .403 8 1 . 4 
.190 .982 9 1 . 0 .880 .367 8 0 . 8 
.200 .985 9 0 . 6 .920 . 3 3 1 8 0 . 2 
.210 .978 9 0 . 6 .960 .315 7 9 . 6 
.220 . 9 8 1 9 0 . 6 1.000 .267 7 9 . 1 
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u . /u =co 
J e  o 
z = - 0.250 Inch 
Re = 53,400 x/d = 20.94 
m u/u. T, °F Y, in. u/u1 T, °F 
. 015 . 751 9 4 . 6 
.020 .79 8 9 4 . 8 
.025 .834 9 4 . 7 
.030 . 8 6 1 9 4 . 7 
.035 .885 9 4 . 9 
.040 .898 9 4 . 5 
.050 . 9 2 1 9 4 . 7 
.060 .942 9 4 . 9 
.070 . 951 9 5 . 0 
.080 .958 9 5 . 0 
.090 .974 9 4 . 8 
.100 .973 9 4 . 7 
.110 .988 9 4 . 5 
.120 .991 9 4 . 5 
.130 .991 9 4 . 5 
.140 .993 9 4 . 5 
.150 .998 9 4 . 5 
.160 .998 9 4 . 3 
.170 .996 9 4 . 1 
.180 .995 9 4 . 1 
.190 1.000 9 4 . 1 
.200 .982 9 3 . 8 
.210 .988 9 3 . 8 
.220 .982 9 3 . 6 
.230 . 9 8 1 9 3 . 6 
.240 .975 9 3 . 4 
.260 .966 9 3 . 1 
.280 .954 9 3 . 0 
.300 .939 9 2 . 9 
.320 .919 9 2 . 1 
.360 .889 9 1 . 7 
.400 . 851 9 1 . 1 
.440 .811 9 0 , 5 
.480 .775 8 9 . 8 
.520 .737 8 9 . 4 
.560 .69 7 8 8 . 8 
.600 .658 8 8 . 1 
.640 .613 8 7 . 2 
.680 .577 8 6 . 4 
.720 .535 86 .0 
.760 .501 8 5 . 7 
.800 . 4 5 1 8 4 . 8 
.840 .427 8 4 . 0 
.880 .394 8 3 . 5 
Veloci ty P r o f i l e 
u. /u = » 
J e o 
z = 0 .500 I n c h 
Re = 53,400 x/d = 20.94 
Y, in. u/u T, °F Y, in. u/u T, °F 
.015 .772 9 2 . 9 .210 .960 9 1 . 9 
.020 .820 9 3 . 0 .220 .952 9 1 . 5 
.025 .865 9 2 . 8 .230 .948 9 1 . 4 
.030 .896 92 .9 .240 .923 9 1 . 7 
.035 .907 9 3 . 4 .260 .912 9 1 . 4 
.040 .923 9 3 . 1 .280 .892 9 0 . 6 
.050 .945 92 .9 .320 .861 9 0 . 5 
.060 .955 9 2 . 8 .360 .854 9 0 . 4 
.070 .969 9 2 . 5 .400 .778 8 9 . 7 
.080 .972 9 2 . 7 .440 .748 8 9 . 0 
.090 .984 9 2 . 5 .480 .695 8 8 . 5 
.100 .999 9 2 . 6 .520 .666 8 7 . 8 
.110 .986 9 2 . 8 .560 .616 8 7 . 2 
.120 .9 81 9 2 . 6 .600 .598 8 7 . 0 
.130 .983 9 2 . 7 .640 .543 8 6 . 3 
.140 .983 9 2 . 0 .680 .483 8 5 . 5 
.150 1.000 9 2 . 3 .720 .471 8 5 . 2 
.160 .990 9 2 . 1 .760 .435 8 4 . 3 
.170 .992 9 2 . 3 .800 .392 8 4 . 1 
.180 . 981 9 2 . 4 .840 .378 8 3 . 3 
.190 .977 9 2 . 1 .880 .311 8 3 . 2 
.200 .9 80 9 2 . 0 
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Velocity Profile 
u . /u = co 
J e o 
z = - 0 . 5 0 0 Inch 
Re = 53 ,400 x /d = 2 0 . 9 4 
Y, i n . u / V T, °F Y, i n . u / u T, °F 
.015 .752 9 5 . 1 .210 .985 9 4 . 1 
.020 .803 9 5 . 0 .220 .989 9 4 . 1 
.025 .838 9 5 . 2 .230 .979 9 4 . 1 
.030 .877 9 5 . 1 .240 .962 9 3 . 6 
.035 .887 9 5 . 3 .260 .940 9 3 . 6 
.040 .907 9 5 . 0 .280 .943 9 3 . 0 
.050 .931 9 5 . 1 .320 .906 9 2 . 6 
.060 .945 9 5 . 1 .360 .879 9 2 . 3 
.070 .960 9 5 . 3 .400 .823 9 1 . 4 
.080 .962 9 4 . 9 .440 .801 9 0 . 7 
.090 .968 9 5 . 0 .480 .745 8 9 . 8 
.100 .987 9 5 . 1 .520 .702 8 9 . 5 
.110 .992 9 4 . 9 .560 .673 88 .9 
.120 .983 9 5 . 0 .600 .642 8 8 . 5 
.130 .982 9 4 . 8 .640 .585 8 7 . 7 
.140 .977 9 4 . 6 .680 .553 8 7 . 0 
.150 1.000 9 4 . 7 .720 .517 8 6 . 6 
.160 .999 9 4 . 6 .760 .490 85 .9 
.170 .983 9 4 . 1 .800 .451 8 5 . 3 
.180 . 981 9 4 . 2 .840 .408 8 4 . 5 
.190 .983 9 4 . 2 .880 .372 8 4 . 1 
.200 . 971 9 4 . 0 
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V e l o c i t y P r o f i l e 
u . / u — co 
3 e J o 
z = 0 . 7 5 0 I n c h 
Rej = 53,400 x/d = 20.94 
d 
Y, in. u/u T, °F Y, in. u/u T, °F 
.015 .773 9 2 . 2 .210 .967 9 1 . 1 
.020 .837 9 2 . 0 .220 .947 9 0 . 8 
.025 .857 9 2 . 2 .230 .940 9 0 . 8 
.030 .892 9 2 . 2 .240 . 933 9 0 . 8 
.035 .912 9 2 . 3 .260 .910 9 0 . 6 
.040 . 941 9 2 . 2 .280 .907 9 0 . 5 
.050 .946 9 2 . 1 .320 .873 9 0 . 1 
.060 . 9 7 1 9 2 . 2 .360 .819 8 9 . 7 
.070 .965 9 2 . 0 .400 .805 8 9 . 6 
.080 .988 9 1 . 8 .440 .740 88 .9 
.090 .985 9 1 . 9 .480 .709 8 8 . 4 
.100 .982 9 2 . 0 .520 .667 87 .9 
.110 .992 9 1 . 8 .560 .623 8 7 . 4 
.120 .986 9 1 . 5 .600 .600 8 6 . 9 
.130 1.000 9 1 . 9 .640 .549 8 6 . 1 
.140 .985 9 1 . 8 .680 . 521 8 5 . 9 
.150 .985 9 1 . 8 .720 .465 8 5 . 3 
.160 .974 9 1 . 5 .760 .443 8 4 . 8 
.170 .985 9 1 . 4 .800 .409 8 4 . 5 
.180 .972 9 1 . 5 .840 .377 83 .9 
.190 .967 9 1 . 3 .880 .344 8 3 . 4 
.200 .976 9 1 . 2 
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Velocity Profile 
u . /u = 0 0 
J e o 
z = - 0.750 Inch 
Re = 53,400 x/d = 20.94 
Y, in. u/u T, °F Y, in. u/u T, °F 
.015 .763 9 3 . 3 .210 . 9 7 1 9 2 . 0 
.020 .814 9 3 . 1 .220 .954 9 1 . 9 
.025 .858 9 3 . 1 .230 . 953 9 1 . 8 
.030 .882 9 3 . 1 .240 . 951 9 1 . 6 
.035 .890 9 3 . 2 .260 .929 9 1 . 3 
.040 .926 9 3 . 1 .280 . 923 9 1 . 4 
.050 .930 9 2 . 9 .320 .882 9 0 . 8 
.060 .948 9 2 . 9 .360 .839 9 0 . 3 
.070 .966 9 2 . 9 .400 .828 8 9 . 8 
.080 . 9 7 1 9 2 . 8 .440 .768 8 9 . 3 
.090 .976 9 3 . 2 .480 .734 8 8 . 5 
.100 .985 9 3 . 1 .520 .682 8 8 . 1 
.110 .990 9 2 . 7 .560 .653 8 7 . 3 
.120 .987 9 2 . 8 .600 .603 8 7 . 2 
.130 . 991 9 2 . 8 .640 .549 8 6 . 3 
.140 .990 9 2 . 8 .680 .525 85 .9 
.150 .992 9 2 . 7 .720 .479 8 5 . 4 
.160 .987 9 2 . 5 .760 .452 8 4 . 8 
.170 1.000 9 2 . 3 .800 .412 8 4 . 2 
.180 .960 9 2 . 4 .840 .378 8 3 . 8 
.190 . 993 9 2 . 4 .880 .344 8 3 . 2 
.200 .950 9 2 . 1 
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Velocity Profile 
u . /u = 0 0 
J eo 
z = 0 Inches 
Re, = 53,400 x/d = 29.98 
Y, in. u/u1 T, °F Y, in. u/u- T, °F 
. 015 .758 9 0 . 2 .295 . 941 8 8 . 3 
.020 .769 9 0 . 1 .315 .947 8 8 . 3 
.025 .829 8 9 . 9 .335 .927 8 8 . 1 
.030 .864 90 .0 .355 .923 8 8 . 1 
. 035 . 883 8 9 . 8 .395 .893 8 7 . 6 
.040 .902 8 9 . 8 .435 .877 8 7 . 6 
.045 .914 8 9 . 8 .475 .847 8 7 . 3 
.050 .926 8 9 . 7 .515 .805 8 7 . 0 
.055 .932 8 9 . 6 .555 .787 8 6 . 8 
.065 .943 8 9 . 6 .595 .757 8 6 . 4 
.075 .961 8 9 . 4 .635 .739 8 6 . 0 
.085 .973 8 9 . 3 .675 .705 8 5 . 9 
.095 .979 8 9 . 6 .715 .676 8 5 . 4 
.105 .989 8 9 . 5 .755 .651 8 5 . 1 
.115 .988 8 9 . 5 .795 .618 8 4 . 8 
.125 1.000 8 9 . 3 .835 .595 8 4 . 4 
.135 .995 8 9 . 4 .875 .570 8 4 . 2 
.145 .995 8 9 . 3 .915 .539 8 3 . 9 
.155 .995 8 9 . 1 .955 .520 8 3 . 5 
.175 .994 8 9 . 1 .995 .496 8 3 . 5 
.195 .993 8 9 . 1 1.035 .468 8 3 . 0 
. 215 .99 8 9 . 1 1.075 .445 8 2 . 7 
.235 .979 88 .6 1.115 .399 8 2 . 5 
. 255 .975 88 .6 1.155 .392 8 2 . 0 
.275 .960 8 8 . 6 1.195 .355 8 1 . 8 
229 
Velocity Profile 
u . /u = 0 0 
J 6o 
z = 0 Inches 
Red = 53,400 x/d = 35.68 
Y, in. u/u T, °F Y, in. u/u T, °F 
. 015 .681 8 3 . 8 .395 .945 8 2 . 0 
.020 . 763 8 3 . 5 .435 .922 8 1 . 8 
.025 .812 8 3 . 5 .475 . 9 0 1 8 1 . 6 
.030 .844 8 3 . 6 .515 .884 8 1 . 5 
.035 .869 8 3 . 3 .555 .869 8 1 . 1 
.040 . 8 8 3 8 3 . 5 .595 .846 8 0 . 9 
.045 .902 8 3 . 4 .635 .826 8 0 . 7 
.050 .912 8 3 . 1 .675 .805 8 0 . 4 
.055 .923 8 3 . 4 .715 .782 8 0 . 2 
.065 .936 8 3 . 3 .755 .758 7 9 . 8 
.075 .951 8 3 . 3 .795 .739 7 9 . 8 
.085 .970 8 3 . 3 .835 . 721 7 9 . 7 
.095 .966 8 3 . 0 .875 .697 7 9 . 3 
.105 .979 8 3 . 1 .915 .678 79 .0 
.115 .980 8 3 . 1 .955 . 651 7 8 . 6 
.125 .986 8 3 . 1 .995 . 631 7 8 . 5 
.135 .992 8 3 . 0 1.035 .610 7 8 . 2 
.145 .999 8 3 . 2 1.075 . 5 9 3 7 8 . 2 
.155 .993 8 3 . 1 1.115 .566 7 7 . 8 
.175 1.000 8 2 . 9 1.155 .546 7 7 . 5 
.195 .997 8 2 . 7 1.195 . 5 2 9 7 7 . 1 
.215 .993 8 2 . 7 1.235 . 512 7 7 . 1 
.235 .991 8 2 . 6 1.275 .490 7 6 . 7 
.255 .984 8 2 . 7 1.315 .469 7 6 . 6 
.275 .988 8 2 . 5 1.355 . 451 7 6 . 5 
.295 .978 8 2 . 3 1.395 .427 7 5 . 9 
.315 .973 8 2 . 5 1.435 .402 75 .8 
.335 .975 8 2 . 5 1.475 .399 75 .7 
.355 . 9 6 1 8 2 . 3 1.515 .370 7 5 . 3 
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Veloc i ty P r o f i l e 
U . / U = 0 0 
J e o 
z = 1 .363 I n c h e s 
Red = 53 ,400 x /d = 3 5 . 6 8 
u / u x T, Y, i n . [ /Uj • , 
.015 .661 8 4 . 3 
o020 .742 8 4 . 2 
.025 .790 8 4 . 4 
.030 .818 8 4 . 2 
.035 .838 8 4 . 2 
.040 .868 8 4 . 1 
.045 .881 8 4 . 3 
.050 .891 8 4 . 2 
.055 .893 8 4 . 2 
.065 .909 8 4 . 1 
.075 .924 8 4 . 1 
.085 .940 8 4 . 3 
.095 .953 8 4 . 1 
.105 .961 8 4 . 2 
.115 .965 8 4 . 2 
.125 .969 8 4 . 1 
.135 .974 8 4 . 3 
.145 .979 8 4 . 2 
.155 .981 8 4 . 3 
.175 .979 8 4 . 2 
.195 .994 8 4 . 2 
.215 .993 8 4 . 1 
.235 1.000 8 4 . 2 
.255 .997 8 4 . 1 
.275 .992 8 4 . 0 
.295 .987 8 4 . 1 
.315 .988 8 4 . 0 
.335 .980 8 4 . 2 
.355 .978 8 4 . 1 
.395 .982 8 3 . 6 
.435 . 9 6 3 8 3 . 6 
.475 .946 8 3 . 5 
.515 . 9 4 1 8 3 . 3 
.555 .925 8 3 . 4 
.595 .916 8 3 . 2 
.635 .895 8 3 . 0 
.675 .867 8 2 . 7 
.715 .862 8 2 . 6 
.755 .837 8 2 . 3 
.795 .820 8 2 . 1 
.835 . 801 8 1 . 9 
.875 .782 8 1 . 7 
.915 .752 8 1 . 5 
.955 .742 8 1 . 5 
1.035 . 6 8 3 8 0 . 8 
1.075 .670 8 0 . 8 
1.115 .647 8 0 . 5 
1.155 .614 8 0 . 3 
1.195 .600 8 0 . 0 
1.235 .572 7 9 . 9 
1.275 .540 7 9 . 5 
1.315 . 5 3 3 7 9 . 4 
1.355 .510 7 9 . 3 
1.395 .490 7 9 . 3 
1.435 .455 78 .7 
1.475 . 411 7 8 . 5 
1.515 .405 7 8 . 3 
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Velocity Profile 
U . /u = co 
J 6o 
z = - 0.062 Inch 
Red - 53,400 x/d = 50.01 
Y, in. u/u T, °F Y, in. u/u T, °F 
. 015 .609 8 5 . 5 .395 .998 8 4 . 7 
.025 .762 8 5 . 4 .435 .979 8 4 . 5 
.035 .808 8 5 . 4 .475 .969 8 4 . 5 
.045 . 861 8 5 . 4 .515 .970 8 4 . 4 
.055 .886 8 5 . 3 .555 .954 8 4 . 4 
.065 .910 8 5 . 6 .635 .915 8 4 . 1 
.075 .926 8 5 . 5 .715 .902 8 3 . 6 
.095 .937 8 5 . 3 .795 .874 8 3 . 3 
.115 .960 8 5 . 3 .875 .852 8 3 . 3 
.135 . 971 8 5 . 2 .955 .815 8 3 . 1 
.155 .983 8 5 . 1 1.035 .790 8 2 . 9 
. 175 .988 8 5 . 2 1.115 . 7 6 3 8 2 . 4 
.195 .992 8 5 . 2 1.195 . 725 8 2 . 1 
.215 1.000 8 5 . 1 1.275 . 685 8 1 . 8 
.235 .998 8 4 . 9 1.355 .665 8 1 . 6 
.255 1.000 8 5 . 0 1.435 .639 8 1 . 3 
.275 .994 8 5 . 0 1.515 .592 8 1 . 1 
.295 .997 8 4 . 9 1.595 . 579 8 0 . 6 
.315 .994 8 4 . 8 1.675 .539 8 0 . 5 
.335 .999 8 4 . 8 1.755 . 5 1 1 8 0 . 2 
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Velocity Profile 
u . / u = oo 
J 6o 
z = - 0.125 Inch 
Re = 53,400 x/d = 50.01 
236 
Y, in. u/ul T, °F Y, in. u/Ul T, °F 
.015 .603 93.1 .395 .988 92.2 
.025 .755 93.1 .435 .986 92.0 
.035 .825 93.1 .475 .966 91.8 
.045 .856 92.9 .515 .975 91.9 
.055 .884 93.0 .555 .960 91.7 
.065 .902 93.0 .635 .919 91.6 
.075 .918 92.9 .715 .904 91.2 
.095 .946 93.0 .795 .884 91.1 
.115 .958 92.9 .875 .841 90.6 
.135 .967 92.9 .955 .833 90.3 
.155 .983 92.9 1.035 .788 90.2 
.175 .987 92.9 1.115 .760 89.9 
.195 .983 92.8 1.195 .719 89.6 
.215 .993 92.7 1.275 .696 89.1 
.235 .999 92.7 1.355 .671 88.9 
.255 .998 92.7 1.435 .640 88.7 
.275 .993 92.4 1.515 .610 88.3 
.295 1.000 92.4 1.595 .568 88.2 
.315 .990 92.4 1.675 .531 87.8 
.335 1.000 92.4 1.755 .514 87.5 
.355 .999 92.3 1.835 .479 87.1 
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Veloc i ty P r o f i l e 
U . / U = 0 0 
3 % 
z = - 0.500 Inch 
53,400 x/d = 50.01 
Y, in. u/u1 T, °F Y, in. u/nl T, °F 
.015 .598 83.6 .395 .991 82.9 
.025 .769 83.5 .435 .976 82.8 
.035 .825 83.5 .475 .980 83.0 
.045 .861 83.4 .515 .959 82.5 
.055 .880 83.5 .555 .948 82.3 
.065 .906 83.5 .635 .927 81.9 
.075 .928 83.7 .715 .901 82.0 
.095 .937 83.4 .795 .867 81.7 
.115 .966 83.5 .875 .836 81.3 
.135 .977 83.6 .955 .823 81.1 
.155 .969 83.2 1.035 .793 80.9 
.175 .977 83.3 1.115 .749 80.5 
.195 .993 83.3 1.195 .723 80.2 
.215 .992 83.2 1.275 .693 79.9 
.235 .995 83.2 1.355 .657 79.8 
.255 .991 83.0 1.435 .630 79.4 
.275 .997 82.9 1.515 .591 79.1 
.295 1.000 82.8 1.595 .559 79.1 
.315 .993 82.9 1.675 .515 78.6 
.335 .997 82.9 1.755 .499 78.4 




u . /u = 0 0 
J e o 
z = 1.363 Inches 
53,400 x/d = 50.01 
Y, in. u/ux T, "F Y, in. u/u1 T, °F 
.015 .600 93.3 .395 .987 92.5 
.025 .744 93.1 .435 .985 92.3 
.035 .824 93.2 .475 .981 92.3 
.045 .857 93.2 .515 .971 92.3 
.055 .875 93.2 .555 .952 92.1 
.065 .894 93.4 .635 .934 91.8 
.075 .909 93.3 .715 .912 91.5 
.095 .935 93.2 .795 .882 91.2 
.115 .949 93.0 .875 .867 91,0 
.135 .968 93.0 .955 .831 90.7 
.155 .977 93.1 1.035 .809 90.5 
.175 .913 93.1 1.115 .776 90.2 
.195 .994 92.8 1.195 .751 89.9 
.215 .993 92.8 1.275 .727 89.4 
.235 .989 92.7 1.355 .681 89.1 
.255 1.000 92.7 1.435 .663 88.9 
.275 .998 92.6 1.515 .619 88.7 
.295 1.000 92.8 1.595 .588 88.4 
.315 .996 92.6 1.675 .555 88.2 
.335 .987 92.6 1.755 .491 87.8 
.355 .996 92.7 1.835 .494 87.5 
Velocity Profile 
u . /u = co 
z = - 1.363 Inches 
Red = 53,400 x/d = 50.01 
Y, in. u/u T, °F Y, in. u/u T, °F 
. 015 .598 93 .4 .395 .969 9 2 . 3 
.025 .735 9 3 . 3 .435 .976 9 1 . 9 
.035 .797 9 3 . 2 .475 .969 9 1 . 8 
.045 . 851 9 3 . 1 .515 .957 91 .6 
.055 .872 9 3 . 3 .555 .935 9 1 . 4 
.065 . 873 9 3 . 2 .635 .920 9 1 . 5 
.075 . 903 9 3 . 0 .715 .911 9 1 . 1 
.095 .918 93 .0 .795 .889 9 0 . 9 
.115 .934 9 2 . 9 .875 .848 9 0 . 5 
.135 .942 93 .0 .955 .825 9 0 . 2 
.155 .965 9 2 . 8 1.035 .797 8 9 . 9 
.175 .968 9 2 . 9 1.115 .757 8 9 . 7 
.195 .977 92 .7 1.195 .737 8 9 . 5 
.215 .987 92 .7 1.275 .708 8 9 . 1 
.235 .980 92 .7 1.355 .678 8 8 . 6 
.255 1.000 9 2 . 3 1.435 .650 8 8 . 4 
.275 .976 92 .4 1.515 . 6 2 3 8 8 . 0 
.295 . 991 9 2 . 3 1.595 .587 8 7 . 6 
.315 .990 9 2 . 5 1.675 .557 8 7 . 5 
.335 .989 9 2 . 4 1.755 . 5 3 1 8 7 . 0 
.355 .984 9 2 . 3 1.835 .489 8 6 . 6 
Velocity Profile 
u. /u = 0 0 
z = 2.727 Inches 
Re = 53,400 x/d = 50.01 
Y, in. u/u T, °F Y, in. u/u T, °F 
. 015 .590 8 4 . 1 .395 .975 8 3 . 2 
.025 .755 8 4 . 0 .435 .965 8 3 . 3 
.035 .824 8 4 . 1 .475 .952 8 3 . 3 
.045 .862 8 4 . 0 .515 .939 8 3 . 0 
.055 .891 8 4 . 0 .555 .935 8 2 . 8 
.065 .899 8 4 . 0 .635 .926 8 2 . 7 
.075 .916 8 4 . 0 .715 .894 8 2 , 3 
.095 .939 8 3 . 8 .795 .844 8 2 . 3 
.115 .954 8 3 . 8 .875 .825 8 2 . 0 
.135 .966 8 3 . 8 .955 .807 8 1 . 7 
.155 .979 83 .7 1.035 . 7 8 1 8 1 . 4 
.175 .982 8 3 . 8 1.115 .738 8 1 . 4 
.195 .985 83 .7 1.195 .689 8 1 . 0 
.215 .988 8 4 . 0 1.275 . 663 8 0 . 7 
.235 .992 8 3 . 9 1.355 . 631 8 0 . 3 
.255 .985 83 .7 1.435 .624 8 0 . 2 
.275 1.000 8 3 . 7 1.515 . 573 79 .7 
.295 .996 8 3 . 7 1.595 .554 7 9 . 6 
.315 .994 8 3 . 6 1.675 .492 7 9 . 2 
.335 .986 8 3 . 7 1.755 .484 7 8 . 9 
.355 .985 8 3 . 3 1.835 .468 7 8 . 6 
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u. /u = 0 0 
J eo 
z = 0 Inches 
Red = 53,400 x/d = 60.0 
Y, in. u/u T, °F Y, in. u/u T, °F 
. 015 .519 8 4 . 4 .365 .976 8 3 . 7 
.025 .692 8 4 . 5 .385 .990 8 3 . 8 
.035 .782 8 4 . 5 .405 . 9 9 3 8 4 . 0 
.045 .809 8 4 . 5 .425 . 9 8 3 8 3 . 9 
.055 .849 8 4 . 4 .445 .986 8 3 . 7 
.065 . 8 6 1 8 4 . 5 .465 . 9 7 3 8 3 . 7 
.075 .879 8 4 . 4 .505 .975 8 3 . 6 
.085 . 893 8 4 . 3 .545 .955 8 3 . 7 
.095 .916 8 4 . 4 .625 .942 8 3 . 4 
.105 .905 8 4 . 3 .705 .927 8 3 . 3 
.115 .910 8 4 . 3 .785 .907 8 3 . 0 
.125 .931 8 4 . 1 .865 .880 8 2 . 8 
.135 .946 8 4 . 2 .945 .883 8 2 . 7 
.145 .954 8 4 . 1 1.025 .841 8 2 . 4 
.155 .938 8 4 . 0 1.105 . 8 1 1 8 2 . 3 
.165 .959 8 4 . 1 1.185 .805 8 2 . 0 
.175 .958 8 4 . 0 1.265 .772 8 1 . 8 
.185 .975 8 4 . 1 1.345 . 771 8 1 . 9 
. 195 .964 8 4 . 1 1.425 .714 8 1 . 5 
.205 .968 8 4 . 1 1.505 .720 8 1 . 5 
.215 .956 8 4 . 1 1.585 .680 8 0 . 9 
.225 .966 8 4 . 1 1.665 .634 8 1 . 0 
.235 .992 8 4 . 1 1.745 . 6 2 3 8 0 . 6 
.245 .983 8 4 . 1 1.825 .588 8 0 . 4 
. 255 .983 8 4 . 0 1.905 .579 8 0 . 2 
.265 .985 8 4 . 0 1.985 . 5 5 1 8 0 . 1 
.285 . 993 8 4 . 0 2 .065 .520 7 9 . 9 
.305 1.000 8 4 . 1 2 .145 .492 7 9 . 5 
.325 .990 8 3 . 9 2 .225 .458 7 9 . 5 
.345 .985 8 3 . 9 2 .305 .411 7 9 . 3 
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u . / u = 0 0 
J e o 
z = - 1 .363 I n c h e s 
Re d = 53 ,400 x / d = 6 0 . 0 
Y, i n . u / u T, °F Y, i n . u / u T, °F 
.015 .527 8 6 . 2 .365 1.000 8 5 . 1 
.025 .712 8 6 . 2 .385 .998 8 5 . 1 
.035 .789 8 6 . 2 .405 .984 8 5 . 1 
.045 .814 8 6 . 0 .425 .977 8 4 . 8 
.055 .834 8 5 . 9 .445 .988 8 4 . 7 
.065 .884 8 5 . 9 .465 . 991 8 4 . 8 
.075 .890 8 5 . 9 .505 .977 8 4 . 8 
.085 .894 8 5 . 9 .545 . 973 8 4 . 5 
.095 .914 8 5 . 7 .625 .945 8 4 . 4 
.105 .927 8 5 . 6 .705 .949 8 4 . 3 
.115 .935 8 5 . 7 .785 .917 8 4 . 1 
.125 .931 8 5 . 5 .865 .877 8 3 . 8 
.135 .949 8 5 . 4 .945 .884 8 3 . 5 
.145 .963 8 5 . 6 1.025 .853 8 3 . 5 
.155 .968 8 5 . 5 1.105 .838 8 3 . 3 
.165 .966 8 5 . 4 1.185 .820 8 3 . 3 
.175 .980 8 5 . 5 1.265 .777 8 2 . 8 
.185 .965 8 5 . 5 1.345 .742 8 2 . 6 
.195 .959 8 5 . 3 1.425 .749 8 2 . 5 
.205 .987 8 5 . 3 1.505 .721 8 2 . 2 
.215 .985 8 5 . 3 1.585 .689 8 2 . 0 
.225 .989 8 5 . 3 1.665 .656 8 1 . 9 
.235 .987 8 5 . 4 1.745 .630 8 1 . 5 
.245 .983 8 5 . 2 1.825 .630 8 1 . 3 
.255 .996 8 5 . 0 1.905 .588 8 1 . 3 
.265 . 983 8 5 . 3 1.985 .547 8 0 . 8 
.285 . 983 8 5 . 2 2 .065 .534 8 0 . 9 
.305 . 983 8 5 . 3 2 .145 .505 8 0 . 6 
.325 .987 8 5 . 0 2 .225 .472 8 0 . 3 
.345 .999 8 4 . 9 2 .305 .458 8 0 . 1 
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Velocity Profile 
u. /u = 0 0 
J e 
J o 
z = 1.363 Inches 
Red = 53,400 x/d = 70.0 
Y, in. u/u T, aF Y, in. u/u T, °F 
.015 .474 8 4 . 7 .425 .989 8 3 . 8 
.025 .685 8 4 . 7 .445 .989 8 3 . 8 
.035 .776 8 4 . 6 .465 .984 8 3 . 8 
.045 .817 8 4 . 6 .505 .978 8 3 . 6 
.055 .831 8 4 . 6 .545 .969 8 3 . 6 
.065 .865 8 4 . 6 .625 .957 8 3 . 4 
.075 .863 8 4 . 6 .705 .949 8 3 . 4 
.085 .893 8 4 . 5 .785 .939 8 3 . 2 
.095 .909 8 4 . 7 .865 .907 8 3 . 0 
.105 .912 8 4 . 5 .945 .896 8 3 . 0 
.115 . 931 8 4 . 5 1.025 .861 8 2 . 7 
.125 .931 8 4 . 6 1.105 .854 8 2 . 5 
.135 .939 8 4 . 3 1.185 .838 8 2 . 4 
.145 .949 8 4 . 5 1.265 . 8 2 3 8 2 . 2 
.155 .943 8 4 . 2 1.345 .797 8 1 . 9 
.165 .952 8 4 . 4 1.425 .782 8 1 . 9 
.175 .963 8 4 . 2 1.505 .775 8 1 . 8 
.185 .967 8 4 . 3 1.585 .756 8 1 . 5 
.195 .957 8 4 . 2 1.665 .707 8 1 . 5 
.205 .967 8 4 . 5 1.745 .692 8 1 . 1 
.215 .973 8 4 . 3 1.825 .688 8 0 . 9 
.225 .976 8 4 . 2 1.905 . 641 8 0 . 8 
.235 .982 8 4 . 3 1.985 .598 8 0 . 7 
.245 .976 8 4 . 3 2 .065 .594 8 0 . 5 
.255 .976 8 4 . 2 2 .145 . 581 8 0 . 4 
.265 .985 8 4 . 3 2 .225 .573 8 0 . 0 
.285 .976 8 4 . 1 2 .305 .547 79 .8 
.305 .988 8 4 . 1 2 .385 . 501 79 .7 
.325 .982 8 4 . 0 2 .465 .495 79 .5 
.345 1.000 8 4 . 1 2 .545 .474 79 .4 
.365 .990 8 4 . 1 2 .625 .432 7 9 . 1 
.385 .985 8 3 . 9 2 .705 .400 7 8 . 8 
.405 .982 8 3 . 8 2 .785 .425 78 .6 
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APPENDIX C 
PHASE 3 EXPERIMENTAL DATA 
Phase 3 Data Summary 
Initial Velocity Ratio = 2.0 
d = 0.444 Inch 
6T M = 0.0458 Inch 
I.M._ 
x/d x/h eq 









* 3 Cf X 10 Velocity 
Profile 
ft/sec °F ft/sec Index 
8.20 65.01 0 43,600 242.31 135.8 185.59 .1060 2.929 254 
8.20 65.01 1.363 43,600 242.31 135.8 255 
8.20 65.01 - 1.363 43,600 242.31 135.8 .0324 2.469 256 
12.25 97.09 0 43,600 242.31 135.8 160.60 .1108 4.152 257 
12.25 97.09 0.125 43,600 242.31 135.8 155.54 258 
12.25 97.09 - 0.125 43,600 242.31 135.8 161.89 259 
12.25 97.09 0.250 43,600 242.31 135.8 141.58 260 
12.25 97.09 - 0.250 43,600 242.31 135.8 150.73 261 
12.25 97.09 0.312 43,600 242.31 135.8 127.27 262 
12.25 97.09 - 0.312 43,600 242.31 135.8 141.57 263 




Phase 3 Data Summary 
Initial Velocity Ratio = 2.0 
d = 0.444 Inch 
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2 4 2 . 3 1 
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242 .31 
2 4 2 . 3 1 
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Based on fluid properties at &, fo 
Ul 
Phase 3 Data Summary 
Initial Velocity Ratio = 2.0 
d = 0.444 Inch 
6T „ = 0.0458 Inch I.M. 





































































































Phase 3 Data Summary 
Initial Velocity Ratio = 2.0 
d = 0.444 Inch 
9T ., = 0.0458 Inch I .M. 
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0.0431 3,020 289 
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Z = 1.363 Inches p = 29.105 Inches Hg 
3. 
Red = 43,600 x/d = 5.42 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg aF 
.015 4 5 . 7 3 .590 91 .7 .335 90 .57 . 5 5 1 8 9 . 2 
. 0 3 5 56 .65 .566 9 0 . 2 .355 93 .19 .550 8 9 . 2 
.055 5 9 . 2 3 .563 9 0 . 1 .375 9 5 . 2 9 .550 8 9 . 0 
.075 6 2 . 0 2 .555 8 9 . 8 .425 9 9 . 5 1 .552 8 9 . 0 
.095 6 3 . 0 5 .545 8 9 . 6 .475 102 .39 .549 8 9 . 3 
.115 64 .57 .545 8 9 . 8 .525 105 .38 .554 8 9 . 3 
.135 6 7 . 1 2 .530 8 9 . 6 .575 107 .25 .555 8 9 . 1 
.155 68 .97 .539 8 9 . 3 .625 108 .04 .547 8 9 . 3 
.175 7 1 . 5 1 .532 8 9 . 4 .675 109 .40 .537 8 9 . 3 
.195 74 .05 .536 8 9 . 3 .775 109.66 .520 8 9 . 5 
.215 75 .95 .534 8 9 . 2 .875 1 0 9 . 9 3 .515 8 9 . 4 
.235 77 .87 .541 8 9 . 1 .975 109 .97 .503 8 9 . 3 
.255 8 1 . 7 2 .539 8 9 . 3 1.075 109.64 .487 8 9 . 4 
.275 8 3 . 0 2 .539 8 9 . 2 1.175 109 .90 .464 8 9 . 6 
.295 8 6 . 4 6 .537 8 9 . 0 1.375 109 .80 .437 8 9 . 4 
.315 8 8 . 9 7 .546 8 9 . 2 1.575 110 .09 .408 8 9 . 4 
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Z = 0 Inches p =28.91 Inches Hg 
3. 
Red = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg *F 
.015 102.27 .422 108.5 .465 152.93 .174 105.3 
.035 118.92 .379 110.0 .515 146.44 .185 103.2 
.055 125.17 .354 110.1 .565 138.62 .205 100.5 
.075 129.69 .327 110.7 .615 129.73 .226 98.2 
.095 133.03 .306 111.0 .665 122.40 .253 95.3 
.115 135.87 .293 111.2 .715 117.05 .283 93.0 
.135 138.35 .279 111.3 .815 112.69 .324 90.1 
.155 141.10 .265 111.7 .915 111.81 .345 89.0 
.175 143.91 .257 111.6 1.015 112.00 ,340 89.4 
.195 146.60 .238 111.8 1.115 111.71 .339 88.9 
.215 149.81 .230 112.0 1.215 112.14 .337 89.0 
.265 155.63 .208 111.4 1.415 112.04 .324 88.6 
.315 159.25 .187 110.2 1.615 111.84 .313 89.0 
.365 160.60 .171 108.9 1.815 112.17 .300 89.1 
.415 158.65 .165 106.9 2.015 112.27 .285 89.4 
Velocity Profile 
u./u =2.0 
J e  o 
Z = 0.125 Inch p = 29.25 Inches 
Red = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 99.57 .434 101.4 .335 155.21 .167 103.4 
.035 115.60 .389 103.0 .355 155.54 .156 102.9 
.055 121.83 .354 103.6 .375 155.50 .161 102.6 
.075 125.92 .319 103.8 .425 152.43 .165 100.8 
.095 129.88 .293 103.6 .475 146.51 .177 98.7 
.115 132.96 .273 104.3 .525 140.01 .200 96.7 
.135 135.70 .248 104.3 .575 132.36 .226 94.6 
.155 138.26 .239 104.9 .625 125.29 .255 92.2 
.175 140.82 .230 104.7 .675 118.96 .284 89.7 
.195 143.84 .210 104.7 .775 113.48 .326 86,0 
.215 145.86 .203 104.8 .875 112.33 .345 85.0 
.235 148.68 .192 104.6 .975 112.16 .351 84.6 
.255 150.36 .182 104.6 1.075 112.03 .345 84.5 
.275 152.16 .182 104.6 1.175 112.34 .338 84.6 
.295 153.53 .175 104.0 1.375 112.36 .333 84.6 
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u./u = 2.0 
Z = - 0.250 Inch p = 28.91 Inches Hg 
Red = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
. 015 104.84 .400 110.6 .335 1 5 0 . 7 3 .172 1 0 9 . 2 
.035 120 .59 .367 111 .2 .355 150 .08 .168 108 .9 
.055 126 .81 .335 111 .5 .375 1 4 8 . 9 3 .169 108 .6 
.075 129 .90 .312 111 .5 .425 1 4 5 . 2 3 .172 1 0 7 . 1 
.095 132 .76 .293 112 .0 .475 139 .15 .187 1 0 5 . 1 
.115 134.68 .276 111 .7 .575 126 .13 .229 101 .0 
.135 1 3 6 . 5 1 . 261 111 .5 .625 119 .92 .252 9 8 . 9 
.155 138.04 .252 111 .5 .675 116 .21 . 281 9 7 . 1 
.175 139 .94 .240 111 .0 .775 112 .87 .322 9 4 . 5 
.195 141 .62 .224 111 .4 .875 1 1 1 . 8 1 .345 9 3 . 2 
.215 143 .73 .218 110.9 .975 1 1 1 . 6 3 .342 9 3 . 2 
.235 145 .73 .207 111 .1 1.075 112 .05 .336 9 3 . 3 
.255 147 .57 .197 111 .0 1.175 111 .98 .333 9 3 . 4 
.275 148.69 .194 110 .5 1.375 111 .50 .324 9 3 . 0 
.295 149 .68 .186 110 .4 
.315 150 .54 .179 109 .8 
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u . / i i = 2 . 0 
J e o 
Z = 0 . 4 3 7 I n c h p = 2 9 . 0 5 I n c h e s Hg 
Red = 4 3 , 6 0 0 x / d = 12 .25 
Y, i n . u p T Y, i n . u p T 
f t / s e c mm Hg °F f t / s e c mm Hg °F 
.015 72 .59 .364 101 .4 .335 106 .75 .285 9 8 . 0 
.035 8 7 . 4 5 .317 100.8 .355 1 0 7 . 3 1 .290 9 7 . 6 
.055 91 .06 .321 100 .9 .375 1 0 7 . 0 1 .300 9 7 . 5 
.075 92 .55 .300 100 .7 .425 108 .72 .304 9 6 . 7 
.095 93 .69 .291 1 0 0 . 3 .475 109 .99 .317 9 5 . 9 
.115 9 5 . 3 3 .284 100 .0 .525 110 .35 .334 9 4 . 8 
.135 96 .27 .291 99 .9 .575 110 .54 .326 9 4 . 5 
.155 9 7 . 1 1 .279 99 .8 .625 110 .96 .341 9 3 . 8 
.175 98 .48 .261 99 .6 .675 111 .67 .356 9 3 . 4 
.195 9 9 . 5 1 .267 9 9 . 5 .775 111 .15 .360 9 3 . 0 
.215 100 .47 .256 9 9 . 1 .875 1 1 1 . 2 1 .353 9 3 . 1 
.235 101 .65 .264 9 9 . 1 .975 111 .37 .345 9 3 . 1 
.255 102 .74 .279 98 .8 1.075 111 .08 .348 9 3 . 1 
.275 103 .42 .284 9 8 . 4 1.175 111 .15 .342 9 3 . 0 
.295 104 .10 .282 9 8 . 3 1.375 111.38 .334 9 3 . 2 
.315 105 .76 .275 9 8 . 1 
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Velocity Profile 
u./u - 2.0 
J eo 
Z = - 0.437 Inch p = 29.06 Inches Hg 
3. 
Re = 4 3 , 6 0 0 x / d = 1 2 . 2 5 
Y, in. u p T Y, in. u p 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 81 .06 .389 1 0 7 . 3 .335 117 .68 . 2 2 3 1 0 4 . 0 
.035 94 .00 .345 107 .5 .355 117 .95 .227 1 0 3 . 3 
.055 9 8 . 7 1 .314 107 .8 .375 118 .14 . 233 1 0 3 . 1 
.075 100 .72 .294 1 0 7 . 3 .425 117 .70 .236 101 .9 
.095 102.67 .289 106.7 .475 116 .04 .261 100 .4 
.115 103 .86 .274 106 .4 .525 113 .88 .279 9 8 . 7 
.135 104 .99 .261 106 .4 .575 112 .97 .293 9 7 . 2 
.155 105 .73 .258 105 .9 .625 112 .63 .317 9 5 . 5 
.175 107 .02 .250 105 .5 .675 112 .14 .328 9 4 . 6 
.195 107.96 .231 105 .4 .775 111 .96 .341 9 3 . 3 
.215 110 .00 .244 105 .4 .875 111 .36 .356 9 3 . 1 
.235 111 .82 . 233 104 .9 .975 111 .16 .343 9 3 . 0 
.255 113 .02 .234 104.7 1.075 1 1 1 . 5 1 .352 9 3 . 2 
.275 115 .15 .230 104.6 1.175 1 1 1 . 6 1 .335 9 3 . 0 
.295 116 .33 .232 1 0 4 . 3 1.375 111 .19 .339 9 3 . 0 




Z = 0.500 Inch p =28.92 Inches Hg 
Re = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 69 .69 .347 96 .7 .335 101.69 .298 9 3 . 5 
.035 8 2 . 1 2 .325 9 6 . 2 .355 102 .68 .305 93 .7 
.055 85 .74 .316 9 6 . 3 .375 104 .20 . 303 93 .4 
.075 8 7 . 5 5 .310 96 .0 .425 106 .15 .316 93 .0 
.095 89 .10 .297 95 .7 .475 108 .15 .330 9 2 . 2 
.115 8 9 . 5 6 .293 95 .5 .525 109.34 .338 9 1 . 6 
.135 90 .16 .291 9 5 . 2 .575 110.66 .343 9 1 . 3 
.155 90 .95 .289 95 .0 .625 110 .96 .344 9 1 . 1 
.175 9 2 . 5 3 .284 94 .9 .675 1 1 2 . 0 3 .349 9 1 . 0 
.195 9 3 . 3 3 .284 94 .7 .775 111.77 .354 9 0 . 6 
.215 9 4 . 3 5 .278 9 4 . 7 .875 111 .99 .346 9 0 . 7 
.235 96 .64 .278 94 .6 .975 112 .10 .342 9 0 . 7 
.255 9 6 . 7 1 .288 94 .4 1.075 111 .72 .340 9 0 . 9 
.275 98 .36 .287 9 4 . 3 1.175 111 .76 .332 91 .0 
.295 99 .16 .289 93 .8 1.375 111 .64 .327 90 .4 




Z = - 0.500 Inch p =28.93 Inches 
Re = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg dF ft/sec mm Hg °F 
.015 67.96 .360 101.3 .335 107.38 .261 97.1 
.035 83.45 .328 101.0 .355 108.49 .263 97.4 
.055 88.08 .310 100.9 .375 109.88 .265 97.0 
.075 90.10 .300 100.5 .425 110.78 .281 95.8 
.095 91.94 .289 100.4 .475 111.33 .295 94./ 
.115 92.99 .277 99.8 .525 111.58 .307 94.2 
.135 94.19 .271 99.5 .575 111.45 .323 93.0 
.155 95.41 .264 99.4 .625 111.87 .333 92.2 
.175 96.21 .264 98.7 .675 111.97 .339 92.2 
.195 97.55 .259 98.6 .775 111.68 .348 91.6 
.215 99.42 .255 98.4 .875 111.78 .346 91.8 
.235 100.81 .252 98.1 .975 111.36 .342 91.6 
.255 102.62 .252 97.7 1.075 111.95 .340 91.5 
.275 103.87 .258 97.7 1.175 111.97 .331 91.8 
.295 105.68 .253 97.7 1.375 112.04 .323 91.6 
.315 107.08 .264 97.4 
Velocity Profile 
u./u = 2.0 
J eo 
Z = 0.937 Inch p =28.91 Inches Hg 
3. 
Red = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
. 015 52 .56 .341 9 3 . 2 .335 8 9 . 0 1 .325 8 9 . 9 
.035 62 .90 .333 92 .7 .355 9 1 . 9 5 .315 9 0 . 1 
.055 6 5 . 7 1 .325 9 2 . 2 .375 9 2 . 7 2 . 3 3 3 8 9 . 9 
.075 68 .70 .321 91 .9 .425 9 7 . 8 9 .332 8 9 . 8 
.095 69 .84 .311 91 .8 .475 101.57 .337 8 9 . 8 
.115 71 .85 .312 91 .7 .525 104 .73 .344 9 0 . 1 
.135 72 .95 .311 9 1 . 7 .575 107 .41 .347 9 0 . 0 
.155 74 .35 .309 9 1 . 3 .625 109 .39 .348 9 0 . 2 
.175 76 .32 .302 91 .0 .675 110 .80 .355 8 9 . 9 
.195 76 .94 .307 9 1 . 3 .775 111.98 .348 8 9 . 9 
.215 79 .72 .305 9 1 . 1 .875 111 .94 .351 8 9 . 8 
.235 8 0 . 0 0 .311 91 .4 .975 111 .92 .342 8 9 . 8 
.255 8 2 . 4 5 .305 9 1 . 0 1.075 112.07 .334 9 0 . 0 
.275 8 3 . 7 6 .315 9 0 . 3 1.175 111.97 .329 9 0 . 2 
.295 8 5 . 8 0 .313 90 .2 1.375 112 .32 .314 8 9 . 9 
.315 8 7 . 4 3 .310 9 0 . 2 
269 
Velocity Profile 
u./u = 2.0 
J e o 
Z = - 0.937 Inch p =28.92 Inches H< 
ReJ = 43,600 x/d = 12.25 d 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
. 015 53 .64 .353 92 .2 .335 96 .32 .326 9 0 . 2 
.035 66 .87 .336 91 .6 .355 98 .47 .321 90 .4 
.055 6 9 . 7 3 .336 91 .0 .375 9 9 . 6 1 .329 9 0 . 2 
.075 72 .94 .325 91 .0 .425 103.44 .334 9 0 . 4 
.095 74 .94 .318 90 .9 .475 1 0 6 . 9 3 .341 9 0 . 4 
.115 76 .12 .314 91 .0 .525 108 .80 .350 9 0 . 4 
.135 7 8 . 1 1 .313 90 .6 .575 110.47 .351 9 0 . 1 
.155 79 .42 .315 91 .0 .625 111 .14 .353 9 0 . 6 
.175 8 1 . 4 2 .309 9 0 . 6 .675 111.47 .354 9 0 . 3 
.195 8 3 . 5 8 .312 90 .4 .775 111 .89 .349 9 0 . 2 
.215 8 5 . 5 4 . 311 90 .6 .875 111 .75 .349 9 0 . 4 
.235 8 6 . 7 8 .313 90 .6 .975 1 1 2 . 0 3 .342 9 0 . 6 
.255 8 8 . 4 3 .314 9 0 . 3 1.075 111 .97 .334 9 0 . 2 
.275 90 .67 .316 9 0 . 3 1.175 111 .81 .335 9 0 . 2 
.295 92 .60 .317 9 0 . 1 1.375 111 .95 .324 9 0 . 5 
.315 94 .22 .318 90 .4 
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Velocity Profile 
u./u = 2.0 
J e o 
Z = 1.363 Inches p =28.92 Inches Eg 
Re = 43,600 x/d = 12.25 
Y, in. u p T Y, in. u p T 
ft/sec ram Hg °F ft/sec mm Hg °F 
. 015 5 1 . 1 3 .347 92 .8 .335 92 .26 .318 9 1 . 5 
.035 6 4 . 5 2 .333 9 2 . 4 .355 9 4 . 6 5 .324 9 1 . 5 
.055 6 8 . 3 3 .325 92 .0 .375 9 6 . 5 2 . 3 2 3 91 .4 
.075 70 .84 .320 9 2 . 1 .425 100 .73 .330 9 1 . 2 
.095 72 .05 .314 9 1 . 9 .475 104 .34 . 3 4 3 9 1 . 1 
.115 73 .74 .316 91 .8 .525 107 .50 .347 9 1 . 2 
.135 74 .57 .314 91 .4 .575 109 .50 .345 91 .4 
.155 7 6 . 7 3 .306 91 .8 .625 110.68 . 353 9 1 . 2 
.175 77 .82 .309 91 .7 .675 111 .20 .350 9 1 . 2 
.195 79 .32 .309 91 .7 .775 111 .77 .348 9 1 . 1 
.215 8 1 . 3 4 .308 91 .4 .875 111 .47 .344 9 1 . 1 
.235 8 3 . 7 4 .310 9 1 . 3 .975 111.76 .341 9 1 . 1 
.255 8 5 . 2 3 .308 9 1 . 8 1.075 112 .35 .336 90 .9 
.275 8 7 . 7 3 .311 91 .4 1.175 112 .25 .331 9 1 . 1 
.295 8 8 . 9 3 .314 91 .7 1.375 111.97 .323 9 1 . 0 
.315 91 .58 .313 9 1 . 5 
271 
Y, in. u 
ft/sec 
.015 53 .20 
.035 64 .97 
.055 6 9 . 3 3 
.075 70 .98 
.095 72 .68 
.115 74 .57 
.135 76 .19 
.155 7 8 . 0 1 
.175 7 9 . 7 3 
.195 8 1 . 7 6 
.215 8 3 . 7 1 
.235 8 4 . 7 5 
.255 8 7 . 0 1 
.275 88 .84 
.295 9 0 . 4 2 
.315 93 .08 
Velocity 
u . /u 
J % 
1.363 Inches 
Red = 43,600 
P T 
mm Hg °F 
.342 92 .5 
.336 9 1 . 2 
.326 91 .4 
.317 90 .7 
.313 90 .9 
.313 90 .6 
.309 90 .4 
.305 90 .6 
.308 90 .5 
.304 9 0 . 2 
.311 90 .6 
.303 8 9 . 9 
.311 9 0 . 2 
.313 9 0 . 2 
.312 9 0 . 2 
.310 9 0 . 2 
2.0 
p =28.57 Inches H 
x/d = 12.25 
Y, in. u 
ft/sec 
.335 9 4 . 8 1 
.355 9 6 . 3 3 
.375 9 8 . 4 5 
.425 102 .18 
.475 105 .32 
.525 107 .66 
.575 109 .65 
.625 110 .98 
.675 111 .67 
.775 111 .88 
.875 112 .02 
.975 111 .72 
1.075 111 .62 
1.175 111 .82 
1.375 111 .82 
P T 
mm Hg aF 
. 311 9 0 . 2 
.317 8 9 . 9 
.316 9 0 . 2 
.321 9 0 . 1 
.334 9 0 . 1 
.339 9 0 . 1 
.342 9 0 . 3 
.343 9 0 . 5 
.351 9 0 . 2 
.347 9 0 . 2 
.344 9 0 . 3 
.342 9 0 . 2 
.334 9 0 . 2 
. 331 9 0 . 5 
.320 9 0 . 3 
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V e l o c i t y P r o f i l e 
Z = 0 I n c h e s p = 29 .09 I n c h e s Hg 
ra 
Re = 43,600 x/d = 16.26 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 99 .50 .347 109.6 .355 150 .81 .139 108 .9 
.035 117.64 .278 111 .2 .375 151 .00 .146 1 0 8 . 3 
.055 125 .28 .243 111.9 .425 149 .04 .136 106 .9 
.075 129 .78 .240 1 1 2 . 1 .475 1 4 5 . 4 3 .135 105 .5 
.095 132.67 .214 112 .3 .525 140 .82 .140 103 .9 
.115 134 .91 .211 112 .2 .575 136 .38 .151 1 0 2 . 3 
.135 137 .72 .196 1 1 2 . 1 .625 1 3 0 . 7 1 .175 1 0 0 . 5 
.155 139 .75 .194 112 .1 .675 125 .75 .191 9 8 . 7 
.175 141 .53 .176 111.7 .775 117.59 .217 9 5 . 1 
.195 114 .12 .168 111 .9 .875 113 .22 .229 9 2 . 6 
.215 145 .83 .163 111.4 .975 112 .50 .250 9 1 . 3 
.235 147.24 .162 1 1 1 . 3 1.075 112 .17 .259 9 1 . 0 
.255 148 .69 .156 111 .0 1.175 1 1 2 . 6 1 . 253 9 0 . 9 
.275 149.97 .160 110.6 1.375 112 .25 .248 9 1 . 0 
.295 150.47 .144 110 .5 1.575 1 1 2 . 1 3 .247 9 1 . 0 
.315 150 .96 .144 109 .8 1.775 112 .57 .234 9 0 . 9 
.335 150 .95 .147 109 .5 1.975 111 .78 .237 9 0 . 8 
273 
Velocity Profile 
u./u = 2.0 
J e o 
Z = 1.363 Inches p = 29.07 Inches Hg 
a 
Rej = 43,600 x/d = 16.26 d 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg dF 
.015 55 .78 .244 93 .9 .335 95 .79 .210 9 1 . 4 
.035 68 .10 .229 92 .8 .355 9 7 . 1 3 .220 9 1 . 4 
.055 73 .22 .215 9 2 . 6 .375 9 9 . 2 0 .211 9 1 . 4 
.075 75 .04 .213 9 2 . 2 .425 102 .80 .227 9 1 . 3 
.095 7 7 . 9 1 .198 9 2 . 1 .475 104.86 .231 9 1 . 2 
.115 7 8 . 9 1 .212 9 2 . 2 .525 108 .91 .245 9 1 . 2 
.135 8 0 . 3 6 .203 9 1 . 9 .575 110 .44 . 243 91 .4 
.155 8 1 . 9 9 .207 91 .8 .625 111 .35 .250 9 1 . 4 
.175 8 4 . 2 9 .198 91 .8 .675 112 .31 .247 9 1 . 4 
.195 85 .18 .203 91 .8 .775 1 1 2 . 7 1 .247 91 .4 
.215 86 .39 .207 91 .7 .875 112 .32 .255 9 1 . 4 
.235 87 .77 .211 91 .7 .975 113 .04 .251 91 .4 
.255 8 9 . 5 9 .205 91 .4 1.075 112 .65 . 253 9 1 . 4 
.275 91 .26 .212 91 .5 1.175 112 .22 .244 9 1 . 4 
.295 92 .67 .205 91 .4 1.375 112 .15 .250 9 1 . 6 
.315 9 4 . 3 1 .208 91 .4 1.575 112 .05 .233 9 1 . 4 
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Z = 0 Inches p =29.25 Inches Hg 
Re = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg dF ft/sec mm Hg °F 
. 015 94 .77 . 153 100 .6 .515 1 3 5 . 9 3 .078 9 7 . 3 
.035 111 .11 .145 101 .8 .535 135 .17 . 083 9 6 . 7 
.055 119 .01 .124 101 .9 .555 134 .32 .081 9 6 . 7 
.075 123 .44 .111 102 .2 .575 133 .32 .085 9 6 . 3 
.095 127.46 .105 102 .2 .625 130 .59 .085 9 5 . 4 
.115 129 .85 .107 101.9 .675 128 .06 .095 9 4 . 2 
.135 131 .62 .102 102.0 .725 125 .72 .094 9 3 . 0 
.155 133 .93 .094 101 .9 .775 122 .86 .099 9 2 . 3 
.175 1 3 5 . 2 3 .092 101 .8 .825 120 .62 .112 9 1 . 4 
.195 136.80 .085 101.7 .975 1 1 5 . 7 1 .125 8 8 . 7 
.215 137 .93 .089 101.8 1.075 114 .26 .137 8 7 . 7 
.235 139 .15 .081 1 0 1 . 1 1.175 114 .12 .140 8 7 . 2 
.255 139.46 .085 100.9 1.275 114.07 .136 8 6 . 9 
.275 140 .00 .085 100.9 1.475 113 .64 .145 8 6 . 8 
.295 140.57 .086 1 0 0 . 3 1.675 114 .15 .138 8 7 . 0 
.315 141 .00 .069 100 .5 1.875 113 .98 . 1 3 3 8 7 . 0 
.335 140 .95 .072 1 0 0 . 3 2 .075 113.48 .136 8 7 . 0 
.355 140 .82 .081 99 .6 2 .275 113 .55 .131 8 7 . 1 
.375 140.60 .075 99 .4 2 .475 113 .44 .131 8 6 . 9 
.395 140 .09 .076 9 9 . 1 2 .675 1 1 3 . 6 3 .125 8 7 . 3 
.415 139 .63 .084 98 .7 2 .875 113 .51 .128 8 7 . 2 
.435 139.26 . 073 98 .6 3 .075 1 1 3 . 2 3 .127 8 7 . 3 
.455 138.40 .078 9 8 . 5 3 .275 113 .22 .121 8 7 . 4 
.475 137 .82 .077 9 8 . 1 3 .475 113 .24 .118 8 7 . 4 
.495 136.87 .086 9 7 . 5 
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J e  o 
Z = - 0.125 p =29.29 Inches Hg 
Red = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg dF ft/sec mm Hg °F 
.015 95 .57 .159 100 .2 .435 1 3 8 . 6 1 .084 9 8 . 3 
.035 111 .70 .140 101 .8 .455 137 .93 .085 9 8 . 0 
.055 119 .43 .123 101 .9 .475 137 .25 .086 9 7 . 5 
.075 123.99 .111 102 .3 .495 136.69 .085 97 .6 
.095 127 .73 .110 102 .3 .515 136 .11 .081 9 7 . 1 
.115 130 .21 .105 101 .9 .535 135 .04 .081 9 6 . 8 
.135 132.49 .093 1 0 2 . 3 .555 134 .09 .083 9 6 . 7 
.155 133.96 .095 101 .9 .575 133 .29 .084 9 6 . 4 
.175 135.67 . 091 101 .6 .625 130 .61 .083 9 5 . 5 
.195 136.66 .091 101.7 .675 127.47 .092 9 4 . 4 
.215 137 .69 .087 101 .5 .725 125 .68 .100 9 3 . 6 
.235 138.67 .086 101 .2 .775 1 2 2 . 9 3 .100 9 2 . 1 
.255 139 .33 .085 101 .1 .825 120 .67 .109 9 1 . 4 
.275 139.77 .083 100.7 .875 118 .45 .113 9 0 . 0 
.295 140 .04 .084 100 .3 .975 115 .90 .122 8 8 . 5 
.315 140 .51 .080 1 0 0 . 3 1.075 114 .28 .141 8 7 . 4 
.335 1 4 0 . 7 3 .080 100 .2 1.175 114 .44 .140 8 6 . 9 
.355 140.59 . 081 99 .6 1.275 1 1 3 . 9 1 . 1 4 3 8 6 . 7 
.375 140 .10 .083 99 .0 1.475 114 .09 .147 8 6 . 6 
.395 139 .95 .077 9 9 . 1 1.675 113 .99 .144 8 6 . 7 
.415 139.44 .080 98 .7 1.875 113.97 .134 8 6 . 8 
278 
Veloci ty P r o f i l e 
u. /u = 
J e o 
2.0 
Z = 0.250 Inch p 
a 
= 29.23 Inches Hg 
Re, = 
d 
43,600 x/d = 24 .46 
Y, in. u P T Y, in. u P T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 91.19 .149 99.6 .435 128.23 .060 97.3 
.035 106.58 .132 100.5 .455 127.39 .066 97.3 
.055 113.39 .113 100.3 .475 127.62 .065 96.7 
.075 117.35 .102 100.4 .495 127.70 .066 96.7 
.095 120.21 .096 100.4 .515 126.59 .068 96.6 
.115 122.09 .084 100.3 .535 126.39 .075 96.1 
.135 123.98 .082 100.4 .555 126.05 .074 96.2 
.155 125.01 .073 99.9 .575 125.16 .080 95.6 
.175 126.20 .076 100.1 .625 124.04 .087 95.1 
.195 127.53 .062 99.9 .675 122.17 .099 93.8 
.215 127.52 .069 99.5 .725 120.31 .103 93.0 
.235 127.67 .065 99.4 .775 118.96 .107 92.3 
.255 128.26 .067 99.1 .825 117.57 .121 91.4 
.275 128.91 .053 99.1 .875 116.61 .124 90.4 
.295 128.28 .058 98.7 .975 115.23 .123 89.5 
.315 128.45 .058 98.5 1.075 114.43 .140 88.8 
.335 128.29 .066 98.4 1.175 114.31 .131 88.5 
.355 128.31 .057 98.3 1.275 114.04 .143 88,3 
.375 128.73 .062 97.8 1.475 114.01 .140 88.7 
.395 128.55 .065 97.8 1.675 113.78 .142 88.5 




J e o 
Z = - 0.250 Inch p =29.21 Inches Hg 
Re = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg aF ft/sec mm Hg dF 
.015 9 4 . 3 3 .152 102 .0 .435 134 .32 .073 100 .6 
.035 110 .84 .133 103 .4 .455 133 .70 .080 100 .2 
.055 117 .51 .119 103 .5 .475 133 .12 .079 9 9 . 9 
.075 122 .51 . 103 103.9 .495 132 .69 .077 9 9 . 5 
.095 125 .03 .104 103 .9 .515 132 .08 .075 99 .4 
.115 127 .32 .095 103.5 .535 131 .64 .078 9 9 . 0 
.135 128.78 .097 103 .5 .555 1 3 0 . 7 3 .085 99 .0 
.155 130 .12 .088 103 .5 .575 129 .44 .089 9 8 . 3 
.175 131 .25 .087 102.9 .625 127 .48 .091 9 7 . 5 
.195 1 3 2 . 2 1 .084 103 .0 .675 125 .58 .096 9 6 . 4 
.215 132 .45 .080 102.7 .725 123 .22 . 093 9 5 . 8 
.235 1 3 3 . 4 3 .080 102.7 .775 120 .83 .104 94 .7 
.255 134 .04 .079 102 .3 .825 119 .05 .117 9 3 . 6 
.275 134 .38 .078 102 .2 .875 117 .45 .120 9 2 . 5 
.295 134 .32 .078 102 .2 .975 1 1 5 . 2 3 .126 9 1 . 0 
.315 135.18 .073 101 .7 1.075 113 .79 .135 9 0 . 0 
.335 134 .79 .077 101.7 1.175 113 .99 .141 8 9 . 7 
.355 134 .83 .077 101.4 1.275 114 .04 .145 8 9 . 4 
.375 134 .55 .074 101 .0 1.475 1 1 4 . 0 1 .141 8 9 . 4 
.395 134 .57 .078 100.8 1.675 113 .85 .141 8 9 . 6 




Z = 0.312 Inch p =29.10 Inches Hg 
3. 
Red = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
. 015 86 .04 .175 103.7 .415 1 2 2 . 6 3 .059 100.7 
.035 102 .71 .127 103.9 .435 123 .18 .064 100 .7 
.055 108.77 .112 1 0 4 . 3 .455 121 .88 .082 1 0 0 . 3 
.075 112 .51 .102 104 .2 .475 121 .88 .066 1 0 0 . 1 
.095 114 .73 .088 104 .7 .495 1 2 3 . 1 3 .066 9 9 . 9 
.115 116.36 .089 103.9 .515 121 .94 .072 9 9 . 6 
.135 117 .53 .085 103.7 .535 121 .41 .092 9 9 . 5 
.155 119 .21 .083 103 .5 .555 121 .64 . 0 9 1 9 9 . 1 
.175 119.98 .075 1 0 3 . 3 .575 120.98 .089 9 9 . 0 
.195 120 .23 .072 103 .1 .625 120 .21 .104 9 8 . 3 
.215 120.47 .076 102 .9 .675 118 .88 .115 9 7 . 4 
.235 121 .34 .066 102.6 .725 117 .64 . 113 9 6 . 7 
.255 121.29 .065 102 .8 .775 116 .75 .135 9 5 . 7 
.275 120 .90 .060 102 .3 .825 116 .04 . 131 9 4 . 9 
.295 122.17 .062 101.9 .875 115 .04 .138 9 4 . 4 
.315 121 .41 .056 101 .5 .975 114 .25 .151 9 3 . 5 
.335 122 .55 .074 101 .5 1.075 113 .58 .146 9 3 . 0 
.355 121 .63 .056 1 0 1 . 3 1.175 1 1 3 . 4 1 .145 9 2 . 6 
.375 122 .42 .072 101 .2 1.275 113 .46 .156 9 2 . 7 




J e o 
Z = - 0.312 Inch p = 29.09 Inches Hg 
Re, = 43,600 x/d = 24.46 
d 
Y, in. u p T Y, in. u p T 
ft/sec ram Hg aF ft/sec mm Hg °F 
.015 93.19 .178 106.7 .415 130.74 .088 104.3 
.035 109.26 .140 107.3 .435 130.79 .082 103.8 
.055 115.36 .116 107.6 .455 130.42 .086 103.8 
.075 120.82 .117 107.6 .475 129.95 .095 103.4 
.095 123.24 .103 107.5 .495 129.41 .091 103.0 
.115 125.28 .093 107.7 .515 129.63 .086 102.7 
.135 127.10 .080 107.5 .535 128.52 .096 102.7 
.155 127.22 .089 107.3 .555 128.26 .077 102.2 
.175 128.15 .098 106.8 .575 127.74 .088 101.9 
.195 128.70 .084 106.8 .625 125.30 .093 101.1 
.215 129.26 .088 106.4 .675 123.46 .109 100.0 
.235 129.76 .084 106.2 .725 121.49 .108 99.0 
.255 130.08 .078 106.2 .775 119.33 .112 97.9 
.275 130.48 .081 105.9 .825 117.86 .126 96.9 
.295 130.46 .091 105.4 .875 116.40 .126 95.9 
.315 131.30 .078 105.7 .975 114.31 .142 94.3 
.335 131.37 .076 105.3 1.075 113.66 .135 93.4 
.355 130.88 .082 105.0 1.175 113.63 .145 93.0 
.375 131.27 .080 104.8 1.275 113.80 .148 93.0 




Z = 0.437 Inch p = 29.09 Inches Hg 
Red = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg tfF 
.015 81.19 .149 94.3 .415 113.25 .079 92.6 
.035 96.24 .126 94.6 .435 113.99 .085 92.2 
.055 101.59 .108 95.0 .455 113.70 .080 92.2 
.075 104.92 .095 95.0 .475 114.49 .078 92.2 
.095 107.11 .093 94.7 .495 114.01 .088 91.9 
.115 107.41 .085 94.4 .515 114.44 .089 91.8 
.135 108.45 .087 94.3 .535 114.64 .102 91.6 
.155 110.17 .075 94.0 .555 114.62 .102 91.4 
.175 110.05 .073 94.0 .575 114.99 .101 91.4 
.195 110.66 .074 93.8 .625 115.48 .117 90,7 
.215 111.33 .066 93.6 .675 115.29 .119 90.4 
.235 111.33 .063 93.5 .725 115.41 .124 89.8 
.255 110.99 .067 93.4 .775 114.52 .140 89.4 
.275 110.51 .064 93.4 .825 114.66 .134 89.1 
.295 111.27 .071 93.0 .875 114.15 .141 88.6 
.315 111.75 .070 93.0 .975 114.51 .140 88.2 
.335 111.44 .067 92.9 1.075 114.07 .147 87.8 
.355 111.97 .071 92.6 1.175 113.55 .151 87.8 
.375 112.35 .075 92.5 1.275 113.47 .157 87.8 
.395 113.05 .071 92.5 1.474 113.54 .146 87.8 
283 
Veloc i ty P r o f i l e 
u . / i i = 2 . 0 
J e o 
Z = - 0.437 Inch p = 29.07 Inches Hg 
cl 
Re, = 43,600 x/d = 24.46 
d 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 8 7 . 0 1 .163 104 .6 .435 123 .25 .079 1 0 2 . 0 
.035 1 0 2 . 3 3 .129 105.7 .455 123.17 .095 101 .8 
.055 1 0 8 . 7 1 .118 105.9 .475 1 2 3 . 1 3 .093 101 .5 
.075 112.38 .093 105 .7 .495 122.58 .078 101 .2 
.095 114.34 .096 105 .8 .515 123 .30 .085 101 .2 
.115 1 1 5 . 8 3 .097 105.4 .535 1 2 2 . 7 1 .088 1 0 1 . 1 
.135 116 .88 .097 105 .3 .555 122 .55 .093 100 .6 
.155 117 .32 .075 1 0 5 . 1 .575 122 .26 .097 1 0 0 . 3 
.175 118.39 .077 104.8 .625 1 2 1 . 1 3 .099 9 9 . 7 
.195 118.50 .083 104 .5 .675 119.68 .106 9 8 . 7 
.215 118 .96 .077 1 0 4 . 1 .725 118 .27 .118 9 7 . 9 
.235 120.09 .072 103.9 .775 116 .83 .117 9 6 . 8 
.255 119.77 . 081 103.9 .825 116 .07 .136 9 5 . 9 
.275 120 .73 .071 103 .5 .875 114 .90 .128 9 5 . 1 
.295 121 .03 .075 103 .5 .975 114 .41 .130 9 4 . 2 
.315 121 .22 .087 103 .4 1.075 113 .45 .152 9 3 . 3 
.335 121 .32 .076 103 .0 1.175 113 .28 .153 9 3 . 0 
.355 1 2 1 . 8 3 .076 103 .0 1.275 113 .31 .133 9 3 . 0 
.375 121 .78 .080 102 .6 1.475 113 .89 .142 9 3 . 0 
.395 122 .42 .078 102.7 1.675 1 1 3 . 1 3 .150 9 3 . 2 
.415 123 .10 .069 102.6 1.875 112 .95 .149 9 2 . 9 
284 
Veloci ty P r o f i l e 
u . / u = 2.0 
i e 
o 
Z = 0.500 Inch p =29.19 Inches Hg 
Red = 43,600 x/d « 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg °F 
.015 78.63 .120 97.9 .435 110.06 .075 94.3 
.035 92.36 .111 97.8 .455 110.09 .079 94.3 
.055 98.04 .099 98.2 .475 111.23 .079 94.3 
.075 100.72 .089 98.1 .495 111.21 .085 94.3 
.095 102.63 .083 97.7 .515 111.66 .090 94.2 
.115 103.99 .073 97.5 .535 111.73 .104 93.5 
.135 104.51 .074 97.2 .555 112.44 .096 93.7 
.155 104.99 .067 96.6 .575 112.71 .101 93.6 
.175 105.52 .071 96.6 .625 114.06 .108 92.8 
.195 105.99 .068 96.7 .675 114.20 .114 92.5 
.215 105.97 .062 96.4 .725 114.60 .124 91.8 
.235 106.54 .062 96.2 .775 114.48 .133 91.5 
.255 106.33 .061 96.0 .825 114.58 .126 91.3 
.275 106.72 .064 95.9 .875 114.56 .131 90.7 
.295 106.51 .061 95.7 .975 114.22 .141 90.3 
.315 107.14 .062 95.3 1.075 113.95 .143 90.2 
.335 106.88 .069 95.5 1.175 113.92 .146 90.2 
.355 107.80 .073 95.1 1.275 113.76 .142 90.4 
.375 107.72 .070 95.2 1.474 113.97 .137 90.3 
.395 108.45 .071 94.7 1.675 113.65 .137 90.1 
.415 109.33 .076 94.6 1.875 113.63 .138 90.2 
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Z = 0.937 Inch p = 29.27 Inches Hg 
3. 
Re = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg dF ft/sec mm Hg "F 
.015 56 .58 .111 8 9 . 9 .435 9 9 . 9 5 .105 8 7 . 7 
.035 68 .39 .104 8 9 . 2 .455 100 .91 .104 8 7 . 6 
.055 7 2 . 9 2 .097 8 8 . 8 .475 102 .05 .110 8 7 . 4 
.075 75 .57 .093 8 8 . 6 .495 103 .19 .110 8 7 . 4 
.095 78 .57 .089 8 8 . 2 .515 103 .97 .117 8 7 . 6 
.115 79 .97 .091 8 8 . 6 .535 105.07 .123 8 7 . 7 
.135 81 .38 .083 8 8 . 5 .555 106.16 .120 8 7 . 4 
.155 8 3 . 1 2 .084 8 8 . 1 .575 107.38 .121 8 7 . 5 
.175 84 .40 .082 8 8 . 4 .625 1 0 9 . 3 1 .128 8 7 . 4 
.195 8 5 . 7 6 .082 8 8 . 1 .675 111 .21 .132 8 7 . 8 
.215 8 6 . 7 7 .087 8 7 . 8 .725 112 .72 .138 8 7 . 4 
.235 8 8 . 0 7 . 083 8 8 . 0 .775 113 .31 .139 8 7 . 5 
.255 8 8 . 9 5 .090 8 7 . 8 .825 113 .98 .137 8 7 . 6 
.275 9 0 . 8 2 .085 8 7 . 9 .875 114 .28 .138 8 7 . 5 
.295 91 .77 .081 8 7 . 9 .975 114 .27 .141 8 7 . 6 
.315 9 2 . 9 3 .096 8 7 . 5 1.075 114 .22 .142 8 7 . 4 
.335 9 3 . 9 5 .093 87 .8 1.175 114.19 .136 8 7 . 9 
.355 94 .62 .100 8 7 . 5 1.275 114.07 .141 8 7 . 8 
.375 9 5 . 8 3 .094 8 8 . 0 1.475 114 .28 . 133 8 7 . 8 
.395 9 7 . 4 1 .099 8 7 . 8 1.675 114.17 .133 8 7 . 4 
.415 98 .07 .107 8 7 . 8 1.875 113 .64 .133 8 7 . 5 
M j J U W W W M f O N J f o h J H H H l - ' H O O O O O 
H v D v J U l W H O v l U H j J H v D v J L n W H V D v l U i O J H 
L n U i L n U i O i L n U i L n L n L n U i U i U i U i U i L n L n l n u i U i U i 
O O O O O V D ^ V O ^ ^ V O V O ^ D O O C O O O O O O D M N U J I 
U l W I S ) H O ^ D 0 0 l ^ U l U ) N 3 H O 0 0 N j u i | M - i v i t < 0 v 0 
H O O v J s J s i O U v l O J ^ U l ^ H O H ^ O H ^ V O W 
O O h O M M U l N J U l W h O O O ^ - P - O C O ^ W M O O ^ D H O 
I — ' I — ' h - ' O O O O O O O O O O O O O O O i — > i—'H 
O O O ^ ^ ^ O O C O C O V O O S O J O O O O ^ ^ D ^ ^ O O H 
C D O O O O O O O O O O O O O O O O O O C X J C D O O O O O O O O ^ ^ D ^D vO VD 
^ ^ D ^ ^ v O ^ ^ O ^ ^ ^ D ^ D v D ^ D ^ D ^ ^ O O O O I—' 
O H O J X j l ^ ^ ^ v l ^ O O ^ O O ^ O O v O - t - ^ C ^ v j ^ 
M M M s l M v l v l M W M M - s J K ) v J U i W h ' ^ v ] ( j i W 
L n U i U i U i l ^ L n U i U U i i j i l n U i L n l J i U i L n U i U i L n L n U i 
W W U W W W J > ^ ^ U U O J W l - ' f - 1 
t-> O O O O O 
O vD *sO OD ON ON 
U I 0 0 O ) V I V O V 0 H O H 0 0 W » J O V 0 H N ) N ] N ) O ^ O 
I — » I — ' I — > I — ' I — > t — ^ I — » I—> I — ' l — ' I — > I — ' I — ' I — ' I — ' I — ' I — » 1 — ' 
W W U ^ J ^ W W W W O J ^ t O M t ' O M H H H 
v l O M s O h j O ^ O O O O O M ^ H V O H O M ^ U l O ^ 
h-' O 
O <JN 
0 O O 0 0 0 0 O O 0 O O O 0 0 0 0 0 0 O O 0 O O O O 0 0 0 0 0 0 0 0 C D 0 O O 0 C O 
O O O O C O C » O C i O O C O O O O O O O O O O O ^ D O O O O O O O O O O v O O O C O 










Veloc i ty P r o f i l e 
u . / u = 2.0 
J e  o 
Z - 1.363 Inches p =29.23 Inches Hg 
Re = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p 
ft/sec mm Hg dF ft/sec mm Hg °F 
.015 59 .46 .111 91 .6 .435 102.67 .109 8 9 . 3 
.035 71 .96 .100 90 .6 .455 104 .07 .105 8 9 . 2 
.055 7 6 . 5 1 .094 90 .6 .475 105.37 .112 8 9 . 1 
.075 79 .60 .090 9 0 . 3 .495 1 0 6 . 6 1 .106 8 9 . 4 
.095 8 1 . 9 9 .088 9 0 . 0 .515 1 0 7 . 7 1 .117 8 9 . 3 
.115 8 4 . 0 9 .089 8 9 . 8 .535 108 .59 . 111 8 9 . 0 
.135 8 4 . 9 6 .087 9 0 . 2 .555 109 .06 . 121 8 9 . 0 
.155 8 6 . 7 5 .087 8 9 . 9 .575 109.97 .118 8 9 . 5 
.175 8 8 . 2 0 .090 8 9 . 8 .625 111 .20 .126 8 9 . 5 
.195 8 9 . 2 8 .091 8 9 . 8 .675 1 1 3 . 1 1 .132 8 9 . 6 
.215 90 .59 .089 8 9 . 4 .725 1 1 3 . 6 3 .132 8 9 . 4 
.235 91 .80 .087 8 9 . 6 .775 113 .75 .135 8 9 . 5 
.255 93 .07 .088 8 9 . 4 .825 114.07 .135 8 9 . 4 
.275 94 .46 .091 8 9 . 4 .875 114 .16 .137 8 9 . 5 
.295 95 .80 .085 8 9 . 5 .975 114 .25 .135 8 9 . 5 
.315 96 .82 .095 8 9 . 8 1.075 1 1 4 . 0 3 .142 8 9 . 2 
.335 97 .80 .094 8 9 . 5 1.175 1 1 3 . 6 1 .138 8 9 . 4 
.355 98 .59 .096 8 9 . 4 1.275 113 .83 .138 8 9 . 3 
.375 100.28 .101 8 9 . 6 1.475 113.89 .136 8 9 . 4 
.395 101 .23 .099 8 9 . 5 1.675 1 1 3 . 9 1 .134 8 9 . 6 




J e o 
Z = - 1.363 Inches p =29.20 Inches Hg 
Re = 43,600 x/d = 24.46 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg °F ft/sec mm Hg 3F 
.015 58 .04 .108 92 .7 .435 103.24 .099 9 0 . 4 
.035 70 .62 .097 91 .7 .455 104 .54 .098 9 0 . 5 
.055 7 5 . 2 3 .096 91 .4 .475 105.86 .099 9 0 . 5 
.075 78 .48 .094 91 .0 .495 106 .75 . 101 9 0 . 4 
.095 8 1 . 1 5 .086 9 1 . 3 .515 107 .67 .105 9 0 . 6 
.115 8 2 . 2 9 .093 91 .0 .535 108.80 .106 9 0 . 5 
.135 84 .24 .085 91 .0 .535 109 .31 .116 9 0 . 6 
.155 8 5 . 8 2 .085 91 .0 .555 1 0 9 . 3 1 .116 9 0 . 6 
.175 8 6 . 8 6 .080 9 1 . 1 .575 110 .31 .116 9 0 . 2 
.195 8 8 . 6 5 .085 90 .7 .625 1 1 2 . 1 1 .121 9 0 . 5 
.215 9 0 . 0 3 .084 90 .9 .675 113 .45 .127 9 0 . 1 
.235 90 .89 .088 90 .8 .725 114 .20 .131 9 0 . 5 
.255 9 2 . 6 3 .088 9 0 . 5 .775 114 .10 .129 9 0 . 4 
.275 9 3 . 7 3 .086 90 .6 .825 114 .02 .135 9 0 . 4 
.295 9 4 . 7 1 .092 9 0 . 2 .975 113 .70 .142 9 0 . 6 
.315 95 .98 .092 90 .8 1.075 114.14 .142 9 0 . 5 
.335 97 .15 .092 9 0 . 5 1.175 113.89 .141 9 0 . 5 
.355 98 .78 .090 9 0 . 5 1.275 114 .02 .135 9 0 . 6 
.375 100.08 .094 9 0 . 2 1.475 114 .04 .136 9 0 . 6 
.395 101 .26 .093 9 0 . 3 1.675 113 .63 .142 9 0 . 5 





Z = 0 Inches p =29.19 Inches Hg 
9. 
Red = 43,600 x/d = 35.68 
Y, in. u p T Y, in. u p T 
ft/sec mm Hg dF ft/sec mm Hg °F 
.015 85 .27 .079 1 0 2 . 3 .435 131 .81 .044 1 0 1 . 3 
.035 100 .93 .066 103 .5 .455 131 .52 .038 1 0 1 . 1 
.055 108.50 . 053 103 .9 .475 131 .10 .044 1 0 1 . 1 
.075 113 .51 .052 103 .5 .495 130 .68 .041 100 .7 
.095 117.38 .043 103 .9 .515 130 .65 .037 100 .6 
.115 119 .77 .048 103 .9 .535 129 .93 .039 100 .2 
.135 1 2 2 . 4 3 .044 103 .5 .555 129 .61 .039 9 9 . 9 
.155 124 .41 . 041 103.7 .575 128 .93 .040 9 9 . 9 
.175 126 .09 .038 103.8 .625 127.76 .042 9 9 . 0 
.195 1 2 7 . 6 1 .047 102.9 .675 126.37 .046 9 8 . 4 
.215 128.87 .044 1 0 3 . 1 .725 124 .74 .048 9 7 . 6 
.235 129 .55 .037 1 0 3 . 1 .775 123 .49 .051 9 7 . 4 
.255 130 .65 .042 103.0 .825 121 .89 .052 9 6 . 4 
.275 130.86 .041 103 .0 .875 120 .20 . 063 9 5 . 5 
.295 131 .71 .043 102.7 .975 117 .83 .064 9 4 . 2 
.315 131.68 .040 102 .5 1.075 116.28 .071 9 2 . 9 
.335 131 .84 .041 1 0 2 . 3 1.175 115.29 .068 9 2 . 1 
.355 131 .96 .040 102 .1 1.275 115 .02 .074 9 1 . 8 
.375 132 .18 .040 101 .9 1.475 113 .93 . 0 8 1 9 1 . 4 
.395 132 .35 .042 101 .5 1.675 114 .52 .077 9 1 . 4 








Z = 1.363 Inches p = 29.05 a Inches Hg 
ReJ = d 
43,600 x/d = 35 68 
Y, in. u P T Y, in. u P T 
ft/sec mm Hg °F ft/sec mm Hg 6F 
.015 60.05 .059 95.4 .435 104.66 .044 93.1 
.035 73.27 .041 94.7 .455 105.31 .050 93.0 
.055 78.01 .040 94.4 .475 106.45 .049 92.9 
.075 82.34 .025 94.0 .495 106.75 .044 93.0 
.095 84.36 .035 94.0 .515 107.23 .059 93.0 
.115 86.84 .028 94.0 .535 108.39 .053 93.0 
.135 88.15 .032 93.8 .555 108.94 .054 93.0 
.155 89.50 .031 93.8 .575 109.16 .063 93.0 
.175 91.22 .025 93.5 .625 111.31 .056 93.0 
.195 92.65 .029 93.4 .675 112.15 .066 92.9 
.215 94.01 .021 93.5 .725 113.07 .074 93.0 
.235 94.89 .034 93.4 .775 113.32 .084 93.0 
.255 96.17 .032 93.4 .825 114.13 .079 93.0 
.275 96.76 .021 93.4 .875 113.89 .087 92.8 
.295 97.53 .033 93.3 .975 114.21 .075 93.0 
.315 99.12 .035 93.4 1.075 114.36 .085 92.8 
.335 99.89 .024 93.4 1.175 114.18 .083 92.6 
.355 101.23 .033 93.2 1.275 114.49 .082 93.0 
.375 101.88 .041 93.1 1.475 114.11 .082 93.1 
.395 102.67 .036 93.0 1.675 114.06 .089 92.9 
.415 103.19 .045 93.1 1.875 114.04 .079 93.0 
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APPENDIX D 
DERIVATION OF INTEGRATED MEAN THICKNESSES 
Displacement Thickness 





( z )' 6 ^ 6(z)' Pe ^
 p e ^ ' 
Mass flow rate _ • 




pu dy dz 
and 
The reduction in mass 
flow rate in the boundary 
layer caused by viscosity 





U) dy d z 





p u ' e e 6 I .M. Az = K. 




 pu^ d y d z 




'i.M. " Az . 
Zl ° 
1 - —BH—I d y d z , 
P u Ke e 
Momentum Thickness 
For the same flow assumptions, 
Momentum flux through 
1 1 i -. = U (HE 
the boundary layer J 
'n nb r r 2 
= I pu dy d; 
Zl ° 
Momentum flux without 
viscosity 




z i ° 
pu u dy dz 
The reduction in momentum 
flux in the B.L. due to 
viscosity 
'ti *6 
= J J pu(ue-u) dy dz 
Zl ° 
Now let this reduction in momentum flux be represented by a height, GT M 
of freestream flow: 
n „6 




W=M J f H 1 - ^ dz z o "e e 
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Dissipation-Energy Thickness 
For the same flow assumptions, 
Mechanical energy flux 






I *t*> els 







r. n -6 
z o 
u dy dz 
The reduction in mechanical 
energy flux in the boundary 
layer due to viscosity 
Jn *6 
= J J f K 2 - ^ * «• 
z i ° 
Now let this reduction in mechanical energy flux be represented by a 
•tek 
height, 6 , of freestream flow: 
P ~u e e ** 
~Y~ 6I.M. A Z = J 
pu , 2 2 
^ (u -u ) dy dz 
Thus, 
T.M. Az 
^ - ( i - ^ ) d y d ; 
o ' e e 
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for the U.S./U.K. Direct Lift Engine Project. He was awarded the USAF 
Commendation Medal for his contributions to the Laboratory's mission. 
In September, 1969, Mr. Smith entered the Georgia Institute of 
Technology and began a graduate program in Aerospace Engineering. He 
also served as a graduate research assistant. Mr. Smith received his 
Master of Science in Aerospace Engineering in December, 1970. 
In January, 19 71, Mr. Smith entered the doctoral program in Aero-
space Engineering. He was awarded a National Science Foundation Graduate 
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Traineeship and also served as a graduate research assistant. He was 
a student member of the American Institute of Aeronautics and Astronau-
tics (AIAA). 
In September, 1974, Mr. Smith accepted an appointment as an 
Assistant Professor of Aerospace and Mechanical Engineering at the 
University of Tennessee Space Institute. He currently teaches courses 
in airbreathing jet propulsion, aircraft performance and fluid mechan-
ics. He organizes and conducts short courses in aeropropulsion and 
aeronautical ground testing, and conducts research in fluid mechanics. 
He is Educational Chairman of the Tennessee Section of AIAA and a member 
of the Society of the Sigma Xi. 
On August 21, 1965, Mr. Smith married the former Patricia Ann 
Slade of Gulfport, Mississippi. They have a son, Kirk, and a daughter, 
Alexis Ann. 
